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Abstract  
The ability of transcription factors to regulate stress-response gene expression within a plant makes 
them ideal targets as transgenes for improving stress tolerance. The NAC (NAM/ATAF/CUC) 
transcription factor family has been well documented in their role in improving plant abiotic stress 
tolerance. Limited water resources for use in crop production present a significant threat to sustainable 
agriculture. The aim of this study was to overexpress the SlNAC2 (KT740994.1, Solanum lycopersicum 
NAC2) transcription factor in transgenic tobacco (Nicotiana tabacum). SlNAC2 was cloned into a 
modified pCambia1300 vector. Tobacco plants were transformed using Agrobacterium tumefaciens 
containing the pCambia1300:SlNAC2 vector. The first generation (T1) of transgenic plants were 
regenerated in vitro and selected using hygromycin. After selection plants were grown to maturity in the 
greenhouse, seeds were collected and putative transgenic lines analyzed for transgene insertion and 
expression. T1 seeds of three transgenic plants (T 4, 5 and 10) were geminated in vitro on selection and 
planted in the greenhouse for further analysis. A normal phenotype was seen when the plants were 
grown to maturity under watered conditions. When exposed to water stress for 21 days and then re-
watered, all plants, displayed a stunted phenotype compared to non-stressed plants. At the flowering 
stage the control plants were significantly shorter than the transgenic plants. Control plants were also 
unable to form seed from every flower that they produced, whereas the transgenic plants could. 
Overexpression of SlNAC2 improved the transgenic tobacco plant’s ability to survive and recover from 
drought stress. Proline, chlorophyll and relative water content were found to be significantly higher in 
transgenic plant lines compared to the control plants. Oxidative stress and lipid peroxidation resulted in 
similar increased levels of H2O2, O2- and malonaldehyde in all plants. The dehydrated plants showed no 
significant difference in superoxide dismutase, catalase or reduced glutathione (GSH) activity or content 
between the transgenic and control plants. SlNAC2 overexpression did not seem to have a significant 
impact on stomatal conductance or chlorophyll fluorescence. sqPCR analysis indicated some increase 
in transcription of certain drought response marker genes at different stages within the drought stress 
period when compared to relative gene expression levels in the control plants. In the future, the potential 
relationship between SlNAC2 and abscisic acid and the systems they co-regulate, should be 
investigated in the transgenic plants overexpressing SlNAC2. 
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Opsomming  
Die vermoë van transkripsiefaktore om stres-respons-gene-uitdrukking binne 'n plant te reguleer, maak 
hulle ideale teikens as transgene om stresverdraagsaamheid te verbeter. Die NAC (NAM / ATAF / CUC) 
transkripsiefaktorfamilie is goed gedokumenteer in hul rol in die verbetering van plantabiotiese 
stresverdraagsaamheid. Beperkde waterhulpbronne vir gebruik in gewasproduksie bied 'n beduidende 
bedreiging vir volhoubare landbou. Die doel van hierdie studie was om die SlNAC2 (KT740994.1, 
Solanum lycopersicum NAC2) transkripsiefaktor in transgeniese tabak (Nicotiana tabacum) oor uit te 
druk. SlNAC2 is gekloneer in 'n aangepaste pCambia1300-vektor. Tabakplante is getransformeer met 
behulp van Agrobacterium tumefaciens wat die pCambia1300:SlNAC2-vektor bevat. Die eerste 
generasie (T1) transgeniese plante is in vitro geregenereer en gekies deur gebruik te maak van 
hygromisien. Nadat seleksieplante gegroei het tot volwassenheid in die kweekhuis, is sade versamel en 
veronderstelende transgeniese lyne ontleed vir transgeeninvoeging en uitdrukking. T1 sade van drie 
transgeniese plante (T4, 5 en 10) is in vitro ontkiem en gekies in die kweekhuis vir verdere analise. 'n 
Normale fenotipe is gesien toe die plante onder normale omstandighede tot volwassenheid gegroei het. 
Wanneer dit vir 21 dae aan waterstres blootgestel word en dan weer natgemaak word, het alle plante 
'n verkorte fenotipe getoon in vergeleke met nie-gestresde plante. By die blomstadium was die 
beheerplante aansienlik korter as die transgeniese plante. Beheerplante was ook nie in staat om saad 
te vorm van elke blom wat hulle geproduseer het nie, terwyl die transgeniese plante kon. Ooruitdrukking 
van SlNAC2 het die transgeniese tabakplant se vermoë om te oorleef en te herstel van droogtestres 
verbeter. Proline, chlorofil en relatiewe waterinhoud was aansienlik hoër in transgeniese plantlyne in 
vergelyking met die beheerplante. Oksidatiewe stres en lipiedperoksidasie het gelei tot soortgelyke 
verhoogde vlakke van H2O2, O2- en malonaldehied in alle plante. Die gedehidreerde plante het geen 
beduidende verskil in superoksied dismutase, katalase of glutathion (GSH) aktiwiteit of inhoud tussen 
die transgeniese en kontrole plante gehad nie. SlNAC2 ooruitdrukking het nie 'n beduidende impak op 
stomatale geleiding of chlorofil-fluoresensie gehad nie. sqPCR analise het gedui op 'n mate van 
toename in transkripsie van sekere droogte-respons merker gene op verskillende stadiums binne die 
droogtestres periode wanneer dit vergelyk word met relatiewe geenuitdrukkings vlakke in die 
beheerplante. In die toekoms moet die moontlike verwantskap tussen SlNAC2 en absisiensuur en die 
stelsels wat hulle medereguleer, ondersoek word in die transgeniese plante wat SlNAC2 ooruitdruk.  
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Preface 
Problem Statement 
A drought is a period of water deficit where there is a below average amount of precipitation over a 
period of time which results in an overall shortage of water (Wolchover, 2018). With recent trends in 
climate change, droughts have become increasingly common as well as more severe. The past decade 
has been one of the hottest recorded in human history, with 2016 being documented as having the 
highest temperatures in the last century, followed closely by 2015 and 2017 having the second and third 
highest logged temperatures respectively (NOAA, 2018). These high temperatures and recorded 
changes in precipitation patterns for the 21st century hint at future severe, frequent and lengthy global 
drought periods (Dai et al., 2004). Furthermore, the southern hemisphere recently experienced an El 
Niño - large scale climate interaction between the ocean and the atmosphere - which leads to the 
ocean’s surface becoming warmer. This El Niño’s appearance has had a significant impact on terrestrial 
and oceanic weather as well as inland weather patterns, these changes can all contribute to droughts 
(NOAA, 2018).  
Any form of water shortage harms the agricultural industries of the world. The farming industries in 
developing nations are most at risk for such unexpected shifts in weather patterns. Drought-induced 
crop losses lead to food insecurity for both human and animals, global food price volatility and puts a 
strain on producer income and a countries’ economy (Deryng et al., 2014; Zhang et al., 2014). 
In alignment with global trends from 2015 to 2017, South Africa also experienced its three hottest and 
driest years recorded in a century (NOAA, 2018). This three year drought had a significant impact on all 
harvests, with key summer crop production areas most severely affected. According to the available 
2016 report (Trends in the Agriculture Sector, 2017), crop yields and production has dropped for all 
major crop plants. Maize and sorghum have seen a loss of 27% and 26.6%, respectively when 
compared to the previous season while wheat and canola production have dropped by 17.7% and 
22.5%, respectively. The detrimental effects of this drought extends beyond poor crop yields, as lower 
yields reduce income for everyone involved in the agricultural sector (Trends in the Agriculture Sector, 
2017). Even though there was a notable increase for the 2017 field crop harvest (Trends in the 
Agriculture Sector, 2018), the 2018 drought in the Western Cape is expected to have a further significant 
detrimental impact on the 2017/2018 harvest (Trends in the Agriculture Sector, 2017; van der Walt, 
2018).  
Drought have negative impacts on several areas of human society. Current and predicted climate 
conditions reveal a high likelihood of mid-century scenarios in which extended periods of low rain fall 
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alternate with extreme rainfall events, this will continue to severely influence the sustainability of 
agricultural crop production (Juma and Gordon, 2014; Tomasek et al., 2017). Therefore, the need exists 
for research to develop more drought tolerant crops to withstand current and predicted future drought 
periods. 
The breeding of plants for desirable traits is an activity that humans have been doing for thousands of 
years. Breeding by selection, be it artificial or natural, is a relatively slow process and is good for 
selecting a lot of different traits (Manshardt 2004, Dimijian, 2012). Conventional breeding for specific 
traits can take many years and might be impossible if the trait is not available in the gene pool or the 
crop is sterile like the banana (Manshardt, 2004). Genetic engineering on the other hand, can target one 
or two genes at a time to produce desirable traits in crops in only a few generations. However, traits 
such as drought tolerance, result in a wide range of physiological and morphological modifications in 
plants that are controlled by a very complex genetic network of feedback loops and temporal switches. 
It might therefore be more desirable, to instead modify the regulators of these processes, such as 
transcription factors, phytohormones and miRNAs, to induce the required effect, rather than to insert or 
silence a gene linked to a specific aspect of drought tolerance (Bray et al., 2000; Shinozaki et al., 2003). 
Transcription factors (TFs) act as molecular regulators of gene expression, which regulate the temporal 
and spatial expression of various genes (Udvardi et al., 2007). Available data on TFs indicates functional 
roles involved in most biological processes, including abiotic stress tolerance (Puranik et al., 2012; 
Nuruzzaman et al., 2013; Saad et al., 2013). Therefore, TFs can potentially regulate how a plant 
perceives, responds and adapts to dry environments through the control of various biochemical 
pathways (Shinozaki et al., 2003; Bray et al., 2000). In this study we investigated the role of a recently 
isolated tomato NAC transcription factor and its potential to enhance drought tolerance in plants.  
 
Project Aim and Objectives 
The aim of this study was to ascertain the effect of the SlNAC2 (Solanum lycopersicum NAC2) gene 
and to determine its use as a potential transgene to improve drought tolerance in plants. This was 
determined through the completion of the following objectives:  
- Construction of the pCambia1300:SlNAC2 plant expression vector.  
- Genetically transform Nicotiana tabacum with the transgene construct, select for positive 
transformation events and collect T1 seeds from the transgenic T1 generation plants.  
- Grow the T2 transgenic tobacco plants in the greenhouse and preform physiological and 
biochemical analyses after exposing them to drought conditions and investigate their ability to 
recover after drought stress. 
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- Assess morphological differences between the transgenic and non-transgenic plants under 
normal environmental conditions.  
 
Chapter Layout 
This MSc thesis contains three chapters.  
 
Chapter 1 reviews existing literature on the important difference between drought tolerance/resistance 
as well as the key strategies used by plants to cope with drought stress. The different mechanisms a 
plant employs, how these change during drought and how these adaptations help a plant to survive 
drought stress are reviewed. This is followed by a look at transcription factors and their potential 
functional role in regulating drought tolerance and the key mechanisms through which they modulate a 
plant’s response to drought stress.  
 
The main focus of Chapter 2 is on transgenic tobacco plants transformed with the tomato SlNAC2 gene 
and its functional analysis in regards to drought tolerance. It describes the generation of transgenic 
tobacco plants through the use of Agrobacterium tumefaciens mediated transformations and the 
molecular characterization of the transgenic lines by PCR, semi-quantitative PCR (sq-PCR) and 
quantitative reverse transcriptase-PCR (qRT-PCR). This was followed by the physiological and 
biochemical evaluation of the transgenic lines for enhanced drought tolerance by pot trials in the 
glasshouse. In these plants the oxidative stress levels were analyzed by looking at reactive oxygen 
species (ROS) and malondialdehyde (MDA) levels and potential protection by examining antioxidant 
and osmolyte levels. The maintenance of the photosynthetic machinery under stress and non-stress 
conditions were also investigated. Furthermore, growth analysis of the transgenic tobacco lines 
overexpressing the SlNAC2 gene to determine morphological differences between transgenic and 
untransformed control plants is also presented. 
 
Chapter 3 summarizes and draws conclusions of the findings of this study. It also suggests future 
experiments using transgenic tobacco plants modified with SlNAC2. It is particularly important to 
complete any biochemical and genetic analysis that can still contribute to the functional analysis of this 
transgene.  
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Chapter 1: Literature review 
Plants are severely affected by limited water conditions and display a variety of physiological and 
biochemical adjustments at both, whole plant and cellular levels when exposed to water deficit stress. 
These adjustments are directly linked to the severity and duration of the stress. Classically, the response 
of plants during water deficit occur through i) stomatal adjustments to decrease water loss; ii) leaf area 
reductions; iii) modification of root structure; iv) osmotic adjustment; and v) transcriptional and post-
transcriptional regulation, allowing the plant to adapt and potentially survive periods of water deficit  
(Lisar et al., 2012). 
 
1.1 Plant physiological, morphological and biochemical responses towards drought 
stress 
1.1.1) Drought and Abscisic acid influence photosynthesis in plants 
Plants are reactive by nature and have a very limited ability to be proactive in their given environments. 
Dealing with a water deficit is an exercise in damage mitigation. Plants that have quick short-term and 
efficient long-term responses are the ones that will be able to prevent the most damage. In agriculture 
this is evident as crops which are able to cope with drought stress effectively, show the smallest 
reduction in yield (Blum, 2005). 
 
Abscisic acid 
Abscisic acid (ABA) is one of the classic phytohormones, having been discovered in the early 1960s 
(Addicott and Lyon, 1969). It was originally thought to be directly involved with abscission, but was later 
found to influence abscission indirectly by promoting leaf senescence (Finkelstein, 2013; Jiang and 
Hartung, 2007). Leaf senescence is the precursor to leaf abscission and has been closely associated 
with ABA (Gao et al., 2016). The study by Gao et al. (2016) found that ABA is primarily responsible for 
the degradation of chlorophyll, by inducing the expression of transcription factors that bind to the 
promoter of NYE1, a chlorophyll catabolite. 
ABA also plays function roles in biotic stress tolerance by improving the defensive ability of plants to 
pathogens (Alazem and Lin, 2017). In addition, ABA plays a developmental role in processes such as 
seed germination/dormancy, division and elongation of cells, flower formation and maturation of 
embryos (Finkelstein, 2013). However, one of ABA’s primary functions is the regulation of water levels 
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in plants as well as its response to osmotic-based stresses. During abiotic stress, such as drought and 
increased salinity, ABA modulates the plant’s response so that it can offset the change in water potential. 
ABA-deficient mutant plants with defective ABA signaling are extremely sensitive to osmotic stress 
(Koornneef et al., 1998; Swamy and Smith, 1999). If the ABA signaling machinery is compromised within 
a plant it is also unable to utilize many of the systems that it uses to protect itself against dehydration 
(Tuteja, 2007). Plants that have ABA deficiencies thus grow poorly in soil with high salt content and 
during periods of low temperatures (Xiong et al., 2001), both conditions that alter water availability. 
ABA is found across all plants, where it is primarily synthesized from the carotenoid precursor, 
isopentenyl diphosphate. This precursor in turn is formed from pyruvate and glyceraldehyde 3-
phosphate by the methylerythritol pathway (Wasilewska et al., 2008; Finkelstein, 2013; North et al., 
2007). ABA can also exist in an inactive form where it is conjugated to a glucose ester. This form allows 
it to travel freely within the xylem, as the conjugate has low membrane permeability (Wasilewska et al., 
2008; Jiang and Hartung, 2007). ABA activity can be restored by cleavage from this conjugate, giving 
the plant a rapid response mechanism to stress caused by sudden environmental fluctuations (Jiang 
and Hartung, 2007). 
The regulation of ABA is complex, as it plays the role of both inducer and/or repressor (Gao et al., 2016). 
ABA has significant cross talk with the other phytohormones. Its antagonistic relationship towards other 
phytohormones namely auxins, cytokinins and gibberellic acid (GA), have been well documented in 
literature (Das et al., 1976; Tanaka, 2006; Liu and Hou, 2018; Shu et al., 2018). A primary example is 
when auxins and cytokinins prevent ABA induced stomatal closure (Tanaka, 2006). In the case of GA 
and ABA, the signaling and biosynthesis of the one inhibits the same for the other. The same is true for 
their functions, GA will stimulate seed germination whilst ABA will keep it dormant (Liu and Hou, 2018). 
The various ABA induced responses in plants are dependent on the location of the induced response 
(Fedoroff, 2002). ABA is most active at the transcriptional level where it interacts with ABA responsive 
elements (ABREs) in transcriptional regulators to influence gene expression. For example, in leaves it 
can cause stomatal closure by affecting the osmotic gradients in the guard cells of the stomata 
(Finkelstein, 2013; Murata et al., 2015). During drought stress, a drop in leaf water content induces ABA 
synthesis in the guard cells of the stomatal aperture. ABA then induces a whole signal cascaded causing 
ion channels to open in the cell membrane resulting in the guard cells to lose turgor pressure, due to 
the sudden efflux of K+ and anions from the guard cells, resulting in the stomata closing. With the 
stomata closed, water loss through transpiration is prevented along with gaseous exchange, slowing 
down the rate at which CO2 can be fixed by photosynthesis (Munemasa et al., 2015). 
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Stress response in plants can be broadly split into two categories. The first catagory are those that are 
ABA-dependent, the second are those that are ABA independent (Figure 1). Drought stress is an inducer 
of both ABA dependent and ABA independent responses.  
 
Figure 1. Basic diagram showing two of the main stress signaling pathways in plants. Elements in the red block 
are dependent on ABA, elements in the yellow are independent. In the overlap between the two are regulatory 
elements that act both independently and dependently from ABA signaling (Zeller et al., 2009). 
 
The photosynthetic machinery 
At its core photosynthesis is used by plants to produce sugars from CO2 and H2O. Sunlight is used as 
the energy source for the molecular and chemical machinery of photosynthesis. Together these use 
chemical and osmotic gradients to fix carbon into a usable form (Domingues et al., 2012). The sugars 
produced by this process serve as the building blocks the plant requires to grow and flourish. When a 
plant’s ability to photosynthesize is inhibited there is a direct impact on its growth and development. 
Plants exposed to prolonged water deficit also have less biomass overall along with reduced leaves that 
have fewer organelles as well as poor nutrient partitioning when compared with unstressed plants 
(Tomasek et al., 2017).  
 
Photosynthesis takes place within the chloroplasts of a plant cell and are separated into two phases, 
namely a light dependent and a light independent phase (Warmflash, 2018). Plants capture solar energy 
in the light dependent phase of photosynthesis through the use of a green pigment called chlorophyll. 
Terrestrial plants primarily make use of chlorophyll pigments α and β (Berg et al., 2002). These pigments 
are attached to Photosystem I and II (PSI and PSII) and act as light capturing antenna. PSII contain the 
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majority of the chlorophyll β molecules and have an activation energy of 680 nm, PSI has a higher ratio 
of chlorophyll α molecules and its activation energy threshold is at 700 nm (Caffarri et al., 2014 Berg et 
al., 2002). PSI and PSII are located in the thylakoid membrane inside the chloroplast, where their activity 
are used to create an electron transport chain that creates NADPH, in turn creating a pH gradient that 
drives the synthesis of ATP via ATP synthase.  
 
 
Figure 2. Diagram showing the two phases of photosynthesis, the light dependent on the left and the Calvin cycle, 
the core of the light independent phase on the right (OpenStax College, 2018). 
 
The light independent phase is where CO2 fixed into a carbohydrates via the Calvin Cycle (Figure 2; 
Wilson and Calvin, 1955). The cycle gets its energy from NADPH and ATP that is primarily produced by 
photosynthesis. The key enzyme in this cycle that needs to be protected from oxygen is called ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCo/RuBP) (Bhagat et al., 2014). This enzyme 
catalyzes the conversion of CO2 to 3-phosphoglyceric acid (3-PGA), the first step in the cycle and where 
carbon becomes ‘fixed’. RuBisCo is not CO2 specific and will also bind to O2, in favor of CO2 under 
conditions of elevated temperature or when the O2:CO2 ratio favors O2. This process is referred to as 
photorespiration and is potentially wasteful to the plant (Peterhansel et al., 2010). Photorespiration 
consumes more energy and produces harmful compounds such as ammonia (NH3), but recent studies 
have found it also has a photo-protective effect (Kozaki and Takeba, 1996; Peterhansel et al., 2010).  
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Plants have evolved different strategies to maintain optimum function of the Calvin cycle. Each strategy 
has its strengths and weaknesses, with their efficiency being heavily influenced by environmental 
conditions (Berg et al., 2002). The common names used to describe these methods are C3 (Carbon 3), 
C4 (Carbon 4), and CAM (Crassulacean acid metabolism). 
The C3 strategy seen in the majority of plants, such as rice, wheat and tobacco do not separate their 
Calvin cycle from the light dependent phase of photosynthesis, it has no adaptation to keep O2 away 
from RuBisCo. C3 plants require environments that have regular rainfall. Under optimal conditions this 
is the most energy efficient means to fix CO2. This system however is very susceptible to osmotic stress, 
and the O2 build up due to stomatal closure that occurs results in RuBisCo binding nonspecifically to O2 
and it leads to the creation of reactive oxygen species (Bear et al., 2016; Doubnerová and Ryšlavá, 
2011). 
In C4 plants, such as sugarcane, the Calvin cycle is separated spatially from the light dependent phase 
and only occurs in the bundle sheath cells (Bear et al., 2016). This reduces the amount of exposure that 
RuBisCo has to O2 and leads to a reduction of ROS generation compared to C3, as the CO2 has to be 
transported across a cellular membrane (Doubnerová and Ryšlavá, 2011).  
CAM plants use a temporal separation to protect their Calvin Cylces and are commonly found in plants, 
such as pineapple and cacti, which grow in hot dry environments (Guralnick et al., 2007). CAM plants 
keep their stomata closed during the day, preventing excess water loss due to transpiration (Bear et al., 
2016). CO2 is fixed by an enzyme called phosphoenolpyruvate carboxylase (PEP) to create malic acid, 
which is then used as an energy and carbon source to create carbohydrates (Bear et al., 2016). During 
the day the energy generated by the light dependent phase is used to release the CO2 from the organic 
acids where they can enter into the Calvin cycle.  
Measuring the levels of chlorophyll fluorescence has been found by researchers to be an efficient way 
to determine the photosynthetic health of a plant (Maxwell and Johnson, 2000). It is a ratio measurement 
comparing the amount of energy captured to the amount that is used (Maxwell and Johnson, 2000). 
Higher levels of fluorescence indicate that a plant is using PSII and PSI efficiently and that they are 
working optimally (Maxwell and Johnson, 2000). As a plant’s stress level increases it results in more 
ABA being created leading to, for example, leaf senescence. As leaf senescence starts, chlorophyll 
starts to be degraded and as such the level of measurable fluorescence will decrease (Maxwell and 
Johnson, 2000).  
Measuring stomatal conductance is usually done alongside chlorophyll fluorescence measurements. 
Stomatal conductance looks at the level of transpiration taking place in a leaf, and is an indicator of a 
plant’s water status (Giménez et al., 2013). Increased levels of ABA results in higher levels of stomatal 
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closure, reducing the amount of transpiration that can take place in an effort to reduce water loss. As 
mentioned previously, closing stomata does prevent undue transpiration but it also prevents gaseous 
exchange needed for the creation of sugars (Miyazawa et al., 2005; Daszkowska-Golec and Szarejko, 
2013).  
 
1.1.2) Reactive oxygen species and their enzymatic scavengers 
Reactive oxygen species (ROS), or commonly known as free radicals, are formed during reactions 
where electron transfer takes place in the presence of oxygen (Halliwell and Gutteridge, 1999). When 
plants are under stress conditions, they produce more NADPH than they can use within the Calvin cycle 
(Murata et al., 2007). When this happens, NADPH content becomes saturated and plants will start using 
other electron acceptors (Peterhansel et al., 2010). Stomatal closure is one primary reason for this, as 
it prevents the uptake of CO2 and the removal of O2 (Peterhansel et al., 2010). If a molecule like O2, is 
targeted it leads to the formation of ROS molecules such as peroxides (H2O2), hydroxyl radicals (OH-) 
and superoxide (O2-). When left unregulated these molecules can do extensive damage to almost all 
cellular macromolecules, including DNA and amino acids. Increased ROS, concentrations is also very 
damaging to plant cell organelles of which chloroplasts and mitochondria are particularly susceptible 
(Krieger-Liszkay, 2004). ROS molecules also have high redox potential and will unspecifically oxidize 
lipids (Krieger-Liszkay, 2004).  
Lipid peroxidation is also important in membrane deterioration. The major polyunsaturated fatty acids in 
the plant membrane are sensitive to attack by O2- and HO-, forming a mixture of lipid hydroperoxides 
(Mueller, 2004). During drought stress, the systems that maintain and prevent cell membrane damage 
becomes compromised, as they themselves are affected by ROS attack (Murata et al., 2007). This 
damage results in electrolyte leakage, a loss of turgor pressure as well as secondary damage to 
membrane proteins, causing cell death or cell organelle failure (Krieger-Liszkay, 2004). Long-term 
damage of this nature ultimately compromises internal homeostasis and terminates in plant death (Das 
and Roychoudhury, 2014). 
In unstressed plants (Figure 3) antioxidant enzymes are produced to scavenge these free radical 
molecules and reduce them to non-reactive H2O or O2 (Elavarthi and Martin, 2010). Under stress 
conditions most plants will increase the rate at which they produce antioxidants to reduce and regulate 
oxidative damage and ROS build up (Caverzan et al. 2016). Plants have developed an elaborate system 
of enzymatic and non-enzymatic antioxidants which help to scavenge stress-induced ROS. These 
antioxidants include: superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), 
guaiacol peroxidase (POX), glutathione reductase (GR), glutathione peroxidase (GP), ascorbic acid, 
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glutathione and phenolic compounds (Das and Roychoudhury, 2014). Different compartments of the 
cell will normally contain more than one enzyme to detoxify a particular ROS. SOD is the first line of 
defense against ROS and is present in all subcellular locations. It dismutates O2- with the help of a metal 
cofactor e.g. Cu, Mn or Fe, into O2 and H2O2, a less reactive peroxide (Alscher et al. 2002). H2O2 in turn 
is then detoxified by the enzymes CAT, POX and GR (Figure 3) (Sofo et al., 2015).  
The upregulation of SOD to counter oxidative damage caused by abiotic stress has been shown in a 
number of plant species e.g. barley (Liang, 1999), tomato (Shalata et al., 2001) and mulberry (Harinasut 
et al., 2003). Catalase is localized primarily in peroxisomes and require ascorbate and glutathione as 
electron donors. It convert two molecules of H2O2 into two molecules of H2O and O2 (Ben-Amor et al., 
2005). Catalases is usually present in photosynthetic tissues and it helps with the removal of H2O2 
produced through photorespiration (Ahmad et al., 2010). Upregulation of catalase in response to abiotic 
stress has been well documented in different plant species such as Arabidopsis, barely, and tobacco 
(You and Chan, 2015; Pinheiro and Chaves, 2010; Faize et al., 2011). POX and GP both function 
similarly by taking up H2O2 and converting it to H2O and O2 (Kasote et al., 2015).  
 
 
Figure 3. Diagram that shows basic metabolic pathway of key antioxidant enzymes and how they work to remove 
ROS from the plant cells (Sofo et al., 2010). 
 
One of the most extensively studied non-enzymatic antioxidants is glutathione. Glutathione is present 
in most cell compartments including the cytosol, chloroplasts, vacuoles and mitochondria. It occurs 
mostly in the reduced form (GSH) which has been shown to be a key player in keeping ROS levels low 
(Kasote et al., 2015). GSH is oxidized to GSSG, while reducing oxidized ascorbate. In turn, GSSG will 
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be converted to 2GSH in the presence of the glutathione reductase and NADPH. GSH removes toxic 
H2O2 from the cytosol and reacts with other ROS such as O2- and hydroxyl radicals. In addition 
glutathione can regenerate other antioxidants such as ascorbic acid through the ascorbate-glutathione 
cycle (Millar et al., 2003). There is numerous report on the antioxidant scavenger abilities of glutathione 
in many plant species (Kasote et al., 2015). 
 
1.1.3) Osmotic adjustments 
Maintaining the correct water balance in a cell is essential. When there is a water shortage the 
concentration of water within the cell drops, resulting in the cell solute becoming more concentrated 
(Sofia et al., 2013). Many of the systems in a plant cell requires osmotic gradients to function. Thus, 
when the cell solute becomes more concentrated these gradients shift and the cell cannot continue to 
function normally (Lodish et al., 1999). Compatible solutes or osmoprotectants are molecules that 
aggregate in the cytoplasm of a cell as a response to drought. They are nontoxic in nature and they do 
not interfere with cellular processes. They can be divided into different groups: sugars (sucrose, 
raffinose, trehalose etc.), sugar alcohols (d-ononitol, pinitol and cyclic polyols), amino acids (proline) 
and finally glycine betaine (Ashraf and Foolad, 2007; Khan et al., 2010). When these molecules act to 
protect against shifts in the osmotic gradient they can be referred to as osmolytes (Slama et al., 2015). 
The most well-known osmolytes that plants synthesize are carbohydrates (mostly sugars), proline and 
glycine betaine (GB) (Ashraf and Foolad, 2007).  
Proline is a marker osmolyte for water deficit stress response and is particularly useful in plant drought 
studies, as it is easy to detect (Ashraf and Foolad, 2007; Verslues and Sharma, 2010). An increase in 
the level of proline has been noted in plants during periods of osmotic stress and in plants that show a 
tolerance to said stress (Sairam and Tyagi, 2004; Hayat et al., 2012; Sayed et al., 2012; Khalil et al., 
2016). In addition to this osmolytic function, proline also makes a contribution towards stabilizing sub-
cellular structures such as membranes and proteins. Proline can act as free radical scavengers and it 
aids in buffering the redox potential of plant cell reactions under stress (Ashraf and Foolad, 2007). It 
may also be involved in the recovery mechanisms from stress, where it serves as an organic nitrogen 
reserve (Sairam and Tyagi, 2004).  
 
1.2) Plant responses to drought stress 
As sessile organisms, plants have evolved to respond both physically and chemically to abiotic and 
biotic stress since stress avoidance via relocation is challenging and typically impossible for most plants. 
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These responsive mechanisms employed by plants can be modulated by the stress being experienced. 
This aspect is of particular importance to plants as maximum response to minor damage is a waste of 
valuable energy and is also detrimental for the plant’s development in the long run (Basu et al., 2016). 
It is important to understand that the adaptive strategies employed by plants are relatively short term 
solutions. Therefore, for some stresses such as an excessive drought, there is a point of no return where 
the plant is unable to survive (Juenger, 2013). The degree to which plants respond to drought stress will 
determine their ability to survive. It is from here that a plant’s natural level of resistance to drought can 
be determined (Obidiegwu, 2015).  
The definition for drought resistance in plants has been highly subjective. The definition provided by 
Levitt (1972), is a most fitting definition in the context of this study. Levitt’s definition states that drought 
resistance is comprised of two components, namely ‘drought avoidance’, which is the ability of a given 
plant to circumvent water loss and ‘drought tolerance’, the ability of a given plant to maintain metabolic 
function whilst under water deficit (Levitt, 1972). Plants that require relatively large quantities of water 
such as sugarcane, wheat, soya and barley, to maintain normal physiological and metabolic processes 
without affecting yield, are at a higher risk when faced with a drought (Xoconostle-Cazares et al., 2010). 
Natural selection as well as breeding by humans have resulted in plants generally favoring drought 
avoidance over drought tolerance as a means to cope with the stress (Blum, 2005). 
 
1.2.1) Drought avoidance strategies 
Drought avoidance strategies focus on the plant’s ability to prevent the reduction of metabolic activities 
in the presence of limited water (Blum, 2005). This is the preferred strategy for both plants and farmers, 
as there would be a smaller impact on the plant yields at the end of the season and while harvesting 
(Xoconostle-Cazares et al., 2010).  
Of the first drought avoidance strategies plants use will either increase their ability to take up moisture 
from the environment or increase their water retention ability (Asseng et al., 1998). This avoidance is 
commonly attained through the process of root elongation. This is a natural response, as the top layers 
of soil becomes dry, it hardens, thus preventing the expansion of horizontal roots. This in turn shifts root 
formation from forming new roots to expanding the roots which are already present. This can also 
explain the shift in root/shoot ratio as shoot growth is reduced in favor of deeper roots (Blum, 2005; 
Blum and Ritchie, 1984). 
Secondly, plants under drought stress attempt to increase water use efficiency or preventing rapid loss 
of water. Carbon 4 (C4) and crassulacean acid metabolism (CAM) plants are both known for following 
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the mentioned strategies to decrease water usage (Dengler and Nelson, 1999). CAM plants shift when 
they assimilate carbon from a diurnal to a nocturnal cycle, in doing so water loss due to transpiration, is 
reduced making the plant more water efficient. C4 plants separate their carbon fixing activities into 
different cell types (O'Leary, 1982). In doing so they prevent wasteful fixing of oxygen instead of carbon 
dioxide by RuBisCO, increasing their water efficiency. These two metabolic strategies are only effective 
under certain conditions. Under optimal conditions however, C4 and CAM metabolism are more energy 
intensive compared to that of C3 plants (Srivastava et al., 2012; Iskandar et al., 2011). In the process 
of reducing the rate at which plants loose or waste water they improve their water use efficiency (Blum, 
2005). 
Water use efficiency relates to two traits, a physiological trait such as transpiration and photosynthesis, 
or agronomic traits like yield and water use. Yield potential is relatively straight forward and it is the 
expected harvest of a given crop under optimal conditions with no environmental limitations. Plants that 
have high yields under limited water conditions use water inefficiently as higher yields require more 
water (Blum, 2005). Plants that exhibit a high water use efficiency under similar conditions express traits 
that limit yield potential. A paradox therefore exists between the two traits as one promotes the efficient 
use of available water, and the other aims to produce a yield similar to that of an unstressed plant (Blum, 
2011).  
Not all plants possess metabolisms geared for restricted water use and the presence of these special 
metabolisms do not guarantee survival (Blum, 2005). Therefore, plants rely on additional strategies such 
as reducing plant leaf size, slowing growth, early flowering and reducing tillering to limit water 
consumption during water deficit stress (Xoconostle-Cazares et al., 2010).  
 
1.2.2) Drought tolerance strategies 
Drought tolerance can be seen as the point where avoiding water loss is no longer possible and the 
plant must endure the lack of water (Blum, 2005). The use of drought tolerance as the main mechanism 
with which a crop plant manages drought stress is not common. Drought tolerance is commonly found 
at the seed stage but is generally lost after germination. However, there is an exception to this, namely 
the resurrection phenotype which is observed in the plant Selaginella lepidophylla as well as several 
other members of angiosperms (Xiao et al., 2015). The resurrection plants take osmotic stress tolerance 
to its extreme, as they can appear dead, but will come alive once they are exposed to water (Xiao et al., 
2015). With the resurrection phenotype the plant recovers from extreme drought tolerance and 
immediately enters flowering and seeding when conditions are favorable. There are three main 
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tolerance mechanism or strategies, some being more applicable to specific species of crop plants than 
others (Hanin et al., 2011).  
The synthesis of osmolytes is common in plants that are experiencing dehydration. It is argued that the 
increase in osmolyte synthesis is a product of drought stress and not a response to it. Regardless of the 
exact cause of their increased synthesis, plants capable of accumulating osmolytes in sufficient 
quantities during drought, such as wormwood (Qureshi et al., 2013), have an increased tolerance 
towards abiotic stressors (Sofia et al., 2013; Ashraf and Foolad, 2007).  
One key drought tolerance strategy used by plants is stem reserve mobilization and utilization. This is 
a plant’s ability use the reserves stored in the stem as the energy source (Gupta et al., 2011). This 
mechanism is commonly seen in crop plants where it is used as a means to continue grain filling whilst 
the plant is under drought stress. The mechanism allows for one of the most important elements of 
cereal crop farming to continue even when photosynthesis has been prevented due to drought stress. 
This mechanism’s main caveat requires the cereal plants to have stored sufficient amounts of 
carbohydrates within their stems before grain filling occurs (Asseng and van Herwaarden, 2003; Blum, 
1998). 
Non-senescence is an implemented strategy rather than a natural occurrence due to aging (Blum, 
2005). At its core, non-senescence prevents early senescence of the plants leaves, keeping its 
photosynthetic processes intact. With this mechanism plants that do not have or cannot use stem 
reserves are able to continue vital functions during periods of environmental stress since they are still 
producing carbohydrates and other useful molecules (Borrell and Hammer, 2000). The relationship 
between a plants ability to remain non-senescent and utilize its stem reserves is a delicate balance. 
Breeding studies have shown, that the two aforementioned straits are mutually exclusive drought 
tolerance strategies (Blum, 2011). 
 
1.2.3) Drought escape strategies 
The escape strategy is exclusive to plants that complete is life cycle within a single growth season. The 
baseline phenotype of plants are defined by quick growth, early flower development, a high capacity for 
photosynthesis and has elevated nitrogen levels (Kooyers, 2015).  
Drought escape is a “last resort” strategy for a plant, used only when avoidance/tolerance strategies 
can no longer be used. It is commonly seen in Arabidopsis, where the plant will rapidly go through its 
life cycle so that it can form its seeds as quickly as possible. It is a plant’s last attempt to ensure the 
survival of its progeny and subsequently its species. As a whole, escape strategies are not favorable for 
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agricultural practices. It is an inefficient method of survival and will not yield as many seeds compared 
to seeds produced under non-stressed conditions (Kooyers, 2015). Of the three strategies that a plant 
can use to cope with drought stress, escapist strategies are ones that plants growers will actively try to 
prevent. 
 
1.3) Gene expression and regulation 
The different mechanisms and strategies employed by the plant in response to water stress are 
controlled by various biochemical pathways. These pathways influence gene transcription and the 
subsequent expression of various proteins (Shinozaki et al., 2003). This variance causes gene 
expression profiles to change according to the stimulus that is being applied such as the duration and 
severity of the drought (Blum, 2014). Plant gene expression can be controlled at several places of 
transcription, translation and protein expression (Figure 4) (Bray et al., 2000). Transcription factors are 
a group of regulatory proteins that are active before RNA transcription takes place.  
 
 
Figure 4. Diagram showing the four main areas where eukaryotic gene regulation takes place.  
 
1.3.1) Regulatory gene control through transcription factors 
Transcription factors (TFs) are proteins that play an integral role in gene expression at the level of 
transcription. Transcription factors serve important roles in almost all biological processes in eukaryotes 
(Udvardi et al., 2007). They act as molecular switches working in unison with proteins that modify and 
remodel chromatin (Udvardi et al., 2007). This either allows or prevents RNA polymerase from 
interacting with the DNA template and thereby regulates the temporal and spatial expression of genes 
(Udvardi et al., 2007). There is significant evidence that these regulatory proteins, such as transcription 
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factors, are active in response to abiotic stresses and have been identified in almost all plant species 
(Saad et al., 2013; Puranik et al., 2012; Nuruzzaman et al., 2013). 
Transcription factors are known to bind to the cis-elements that exist within the promoter areas of stress-
related genes. By binding to these elements they up regulate the expression of the genes which 
influence downstream reactions, which in turn improves a plant’s tolerance to abiotic stress (Agarwal 
and Jha, 2010). Transcriptome analysis from several model plant species show that plant responses to 
environmental stress can be both dependent and independent of ABA (Lata et al., 2011).  
ABA dependent systems contain a section of code known as the ABA response element (ABRE) and is 
denoted by the consensus sequence RYACGTGGYR. This sequence is recognized by a bZIP (Basic 
Leucine Zipper) type TF. Early response to drought (ERD) genes, consensus sequence CATGTG, have 
been found to also increase in response to osmotic stress and are regulated independently of ABA 
activity by zinc finger homeodomain (ZF-HD) transcription factors (Tran et al., 2004). Alternatively 
systems that are independent of ABA contain the drought-responsive element (DRE) consensus 
sequence TACCGACAT (Abebe et al., 2010; Dugas et al., 2011). This suggests that a plant’s ability to 
respond to stress is ultimately controlled at the level of transcription and by a sophisticated network of 
regulatory genes (Fowler and Thomashow, 2002; Umezawa et al., 2006). 
Transcription factors have been categorized into different groups according to both the types of genes 
they regulate as well as their chemical makeup (Riechmann et al., 2000). These transcription factors 
includes, amongst others, MYB, MYC, DREB/CBF (drought-responsive cis-element binding protein/C-
repeat-binding factor), ABF/ABRE, NAC, ZIP and WRKY-domain (Riechmann et al., 2000). Primary 
grouping of TFs are done according to their DNA binding domain motif structure. Well-known TF binding 
domains include: helix-turn-helix TFs, zinc finger and leucine zippers (Luscombe et al., 2000). Studies 
to establish the molecular targets and systems linked to these TFs will improve our understanding of 
the regulatory networks employed by the plant during water deficit conditions.  
 
1.4) NAC transcription factors 
Recent advances in gene sequencing technologies have enabled researchers to broaden the scope of 
whole genome sequencing functional annotation. High performance computing has enabled 
identification of novel genes based on conserved domains that are characteristic of certain gene 
families. One such gene family is the NAC TF family.  
The NAC acronym originated from three genes, which were characterized using mutant plant 
phenotypes displaying floral and vegetative developmental defects (Olsen et al., 2005). From petunia it 
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was the NAM (no apical meristem) and from Arabidopsis the ATAF1/2 and the CUC2 (cup-shaped 
cotelydon) genes (Souer et al., 1996; Aida et al., 1997). The NAC transcription factor family is now 
known for its large size within plant species. Among the sequenced plant genomes there have been 117 
NAC genes found in Arabidopsis, 151 in rice, 152 in soybean, maize and tobacco, 110 in potato and a 
predicted 104 in tomato (Shao et al., 2015) (Figure 5). Functional analysis of this NAC family will 
contribute towards knowledge regarding their functional diversity in plants (Su et al., 2014; Pereira-
Santana et al., 2015; Shao et al., 2015). A comprehensive phylogenetic analysis of the lineage of this 
gene family (Figure 5, Pereira et al., 2015) clustered the NAC genes of the Solanaceae plant family 
together on a separate sub-branch with in the larger dicot branch (Figure 5). 
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Figure 5. Phylogenetic tree constructed to show the relationship between 24 commercially and/or scientifically 
important land plants and the extent of their known NAC genes (Pereira-Santana et al., 2015). Species names are 
coded as follows – blue/moss; purple/pseudofern; red/monocots; green/eudicots.  
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1.4.1) NAC transcription factor structure 
The structure of the translated NAC gene product is distinct. The N-terminal of the NAC domain is a 
region that is highly conserved and possesses the part of the NAC protein that binds to DNA (Nakashima 
et al., 2012). The NAC domain contains roughly 150 amino acid residues and possesses five conserved 
regions or sub-domains that have been named A to E (Figure 6) (Ooka et al., 2003). X-ray 
crystallography was utilized to elucidate the structure of NAC DNA-binding domain of ANAC019 isolated 
from Arabidopsis (Ernst et al., 2004). The NAC domain itself was reported to lack the classic helix turn 
helix motif, instead it contains a twisted beta-sheet encircled by two helical elements, a new structure of 
TF fold altogether (Ernst et al., 2004). Recent studies have shown that the NAC domain of the rice 
stress-responsive NAC protein (SNAC1) has a structure that is similar to the one of ANAC019. In rice it 
has been found that NACs can be classified into 15 different types, namely A to O (Chen et al., 2011; 
Ooka et al., 2003). NAC proteins that contain the A-E sub-domains are typical A-E type NACs, while F-
O type NACs are called NAC-like proteins as they are not classified based on an A-E conserved motif 
(Tran et al., 2009). The NAC domain has two main binding functions, the first has been associated with 
DNA binding centered in the nucleus and the second is with the formation of homo- and heterodimers 
with other NAC domain containing proteins (Olsen et al., 2005).  
 
 
Figure 6. Generalized structure of the NAC domain protein. The NAC domain is made up of the five conserved N-
terminal sub-domains (A – E) and the C-terminal acts as a transcriptional activation region/regulatory region 
(Christianson et al., 2010). 
 
While the N-terminal is associated primarily with DNA binding and dimerization, the C-terminal’s primary 
function is to act as a regulatory region during transcription. To this end the C-terminal is a highly 
divergent region and its diverse nature allows it to act as either a repressor or activator (Wang and 
Dane, 2013). Furthermore, the C-terminal consists of numerous repeats of simple amino acids and it 
has regions that are plentiful in either proline, glutamine, threonine and serine or acidic amino acid 
residues (Puranik et al., 2012; Olsen et al., 2005). The presence of transcriptional activation ability of 
the C-terminal, which was found to be lacking in full length NACs, indicates that the proteins of the NAC 
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family have several different mechanism for its transcriptional regulation (Hao et al. 2010; Xie et al., 
2000). The C-terminal is also the location of any membrane binding motifs that may be present in a 
given NAC protein (Tran et al., 2009). The controlled and timeous cleavage of these membrane bound 
transcription factors (MTFs) ensure rapid transcriptional responses (Seo et al., 2008). This quick 
transcriptional response is an adaptive strategy that evolved to cope with sudden environmental stimuli 
and changes (Seo et al., 2008). Several studies have shown that NAC protein areas of activity inside 
the cell is determined by the C-terminal and whether or not it possess a membrane binding motif (Kim 
et al., 2006; Kim et al., 2007; Park et al., 2011). 
 
1.4.2) NAC transcription factor regulatory function 
NAC TF play various roles in biological processes involved in growth and development of plants, such 
as meristem formation and maintenance, floral and embryo development, hormone signaling and 
regulating cell wall synthesis (Su et al., 2015). The role of the NAC TFs in regulating plant stress 
responses in relation to abiotic and biotic stress signaling is notable (Borrill et al., 2017). Although 
primarily associated with abiotic stress responses NAC TFs have been associated with plant 
senescence, the remobilization of nutrients and has an important part in a plants immune response to 
biotic stress (Borrill et al., 2017). There is still little known about the regulation of a majority of NAC TF 
expression.  
Stress-inducible NAC (SNAC) TFs have been found to be involved in abiotic stress tolerance in plants 
(Nakashima et al., 2012). Their expression is thus most likely regulated by different cis-acting stress 
response elements within their promoter regions such as: dehydration-responsive elements (DREs), 
jasmonic and salicylic acid responsive elements and ABA-responsive elements (ABREs) (Parunika et 
al., 2012; Shao et al., 2015). Moreover, NAC TFs are also subject to post transcriptional regulation in 
the form of micro-RNA mediated cleavage. Post translational modifications have a significant effect on 
regulation. The primary forms of this modification include dimerization, phosphorylation, and 
ubiquitination (Nakashima et al., 2012; Parunika et al., 2012). This diversity in known NAC regulatory 
elements are key in allowing the various NAC TF to act in numerous roles driving the majority of plant 
growth and development processes (Shao et al., 2015). 
The large family of NAC TFs have important roles in the intricate signaling pathways plants use to 
respond to both abiotic and biotic stress (Shao et al., 2015). The sheer number of the various NAC 
genes that have been identified in conjunction with their unknown functions have made it difficult to 
ascertain their exact roles in abiotic stress (Shao et al., 2015). Recent studies have helped researchers 
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understand, in greater detail, the function of several NAC TFs found in different plant species through 
the use of micro-array studies (Wang and Dane, 2013; Puranik et al., 2012).  
These micro-array studies have revealed the existence of sequence binding sites. These sites are 
known as NAC Recognition Sites (NACRS) and their presence in the promoter of a given stress 
responsive gene is a good indicator of NAC regulation (Puranik et al., 2012; Nakashima et al., 2012). 
The core consensus sequences that have been identified are CACG along with GGTA and CGTC (Ernst 
et al., 2004; Hegedus et al., 2003; Tran et al. 2004). 
Many of the known NAC genes have been found to interact with the various phytohormone signaling 
pathways in response to stress (Shoa et al., 2015). AtNAC2 is a transcription factor that was found in 
Arabidopsis, one of the first NAC TFs identified (Christianson et al., 2010), and is affected by both the 
ethylene and auxin signaling pathways and plays a role in the plant’s response to salt stress as well as 
affecting the development of lateral roots (He et al,. 2005). The ANAC096, a stress-responsive NAC 
gene, which was identified in Arabidopsis and rice, has a synergistic interaction with the ABRE binding 
factor and an increase in its expression improve a plants survival rate during times of osmotic stress 
(Hu et al., 2006; Xu et al., 2013). AtNAC019/ 55/ 72 are three NAC TFs that were found to bind with 
their respective recognition sites present in the promoter of the ERD1 (Early Responsive Dehydration 
Stress 1) gene (Tran et al., 2004). The over expression of any one of these NAC genes resulted in 
enhanced drought tolerance in Arabidopsis (Hickmen et al., 2013). In transgenic rice with induced 
expression of OsNAC5, it was found that the transgenic plants exhibited increased tolerance to drought, 
cold and salinity (Jeong et al., 2012). The synergistic interaction that is prevalent between NAC and the 
ABA signaling pathways are most likely the key to understanding how NAC TFs function. 
In terms of stress responses, NAC proteins have been observed to be active in most instances of 
osmotic and temperature related abiotic stress (Parunika et al., 2012). Recent studies have shown 
however that they are actively involved in enhancing a plant’s oxidative stress tolerance through the 
modulation of the ROS scavenging pathways (Wang et al., 2017). NAC56 and NAC55 induce the 
expression of ROS scavenging enzymes, which results in an overall reduction in ROS accumulation 
within the plant cells (Niu et al., 2016; Chen et al., 2017). In a contrasting example, IbNAC1 from sweet 
potato, would increase ROS, interacting with the jasmonic acid mediated pathway, reprogramming the 
wounding response of a plant at a transcriptional level via the jasmonic acid pathway. When MuNAC4, 
from Macrotyloma uniflorum, was overexpressed in peanuts (Arachis hypogaea), the peanuts showed a 
reduction in membrane damage, with improved rates of osmotic adjustments and antioxidant enzyme 
regulation when placed under drought stress (Pandurangaiah et al., 2014). Additional studies to 
determine the molecular targets and signaling systems linked with these NAC TF will provide insight 
Stellenbosch University  https://scholar.sun.ac.za
 37 
 
into the regulatory networks required for the control of plant water deficit responses and how it could 
enable growth modifications during these periods.  
 
1.5) Tomato NACs 
The tomato plant (Solanum lycopersicum), along with potatoes (Solanum tuberosum) and tobacco 
(Nicotiana tabacum), are part of the Solanaceae plant family and are regularly used as model plant 
systems. Tomatoes are of particular importance in crop yield studies as they are an important food crop 
and produce fruit that is high in important vitamins, minerals and antioxidants (Kimura and Sinha, 2008). 
The close species relationship between tomato and tobacco plants make them excellent models for 
studying gene functions in a reverse genetic approach in closely related plant genomes.  
Currently there are 104 predicted NAC genes in the tomato plant, identified by genome-wide analysis 
and micro-array datasets (Su et al., 2015; Kou et al., 2013). Research in tomato NACs is focused on the 
NAC TF expression profiles during the tomato’s developmental stages and induction through external 
hormone applications (Su et al., 2015; Kou et al., 2013). The N-terminal is a highly conserved domain 
within the NAC gene family. This makes identification of NAC genes not only relatively easy but it also 
enables researches to divide them into different groups based on the variance that does occur. 
Phylogenetic analysis done in conjunction with known NACs from Arabidopsis and rice revealed that 
NACs can be clustered into 6 unique groups (I-VI) (Su et al., 2015). As a whole, annotated NAC genes 
with similar function cluster together in the same group. The NACs from group V are all implicated in 
improved tolerance towards abiotic stress and include known stress related marker TF genes such as 
ATAF1/2, SNAC1/2 and OsNAC10(ONAC10) (Pereira-Santana et al., 2015; Fujita et al., 2004; Jensen 
et al., 2010 and Jeong et al., 2010). Figure 7 represents a phylogenic analysis of functionally annotated 
NAC TFs that has been linked specifically with drought tolerance when overexpressed in transgenic 
plants (References listed in Supplementary Data Table S1 and protein sequence alignment in Figure 
S1). The prolific occurrence of NAC activity in plant stress responses, as well as their distinct genetic 
characteristics have made them a key interest point of study in regards to improving plants through the 
use of genetic engineering.  
The focus of this study is the functional annotation of a newly discovered NAC gene in tomato, SlNAC2. 
The gene under the control of a constitutive promoter (35s), will be overexpressed in tobacco, a model 
plant closely related to tomato, to assess SlNAC2’s role in the drought stress response of the plant. 
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Figure 7. Phylogenetic tree constructed of 18 functionally annotated NAC genes that have been found to improve 
drought tolerance when overexpressed in different plant species. Plant species are differentiated by color.  
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Chapter 2: Functional analysis of a tomato SlNAC2 gene, by overexpression 
in tobacco, to determine its role in drought tolerance 
 
2.1) Introduction 
Drought is a prevalent problem for the agricultural sector and adversely affects crop and livestock 
farmers and threatens food security. Furthermore, this problem is expected to intensify in correlation 
with the predicted increase in global temperatures (de Marsily and Abarca-del-Rio, 2016). Global crop 
damage caused by abiotic stress, is estimated to contribute up to 50% of the total experienced crop 
losses (Lobell et al., 2011). Climate predictions furthermore, indicate mid-century scenarios of irregular 
and low precipitation levels (Sheffield and Wood, 2012). Consequently, finding adequate solutions to 
the problems that drought presents to the agricultural sector should be of utmost importance (Juma and 
Gordon, 2014). Farm practices can be altered to make use of available water resources more efficiently 
but alternative efforts into crop development for improved water use without compromised yields should 
also be considered (Juma and Gordon, 2014). Over the past few years, a great deal of effort has been 
dedicated to breeding crop genotypes with abiotic stress tolerant traits. However, the limited success of 
plant breeding approaches to breed stress tolerant crops can be attributed to the complexity of stress 
tolerance traits (Mittler and Blumwald, 2010). Therefore, the alternative is to generate crops with 
improved tolerance to abiotic stress through transgenic interventions (Dwivedi et al., 2011). 
Genetic engineering that focuses on regulatory genes, and not a single functional gene, has emerged 
as a useful tactic to regulate the expression of multiple stress reactive genes (Jain, 2013). Transcription 
factors (TFs) are known as master regulators that control and regulate a large spectrum of downstream 
stress responsive genes within plants (Wang et al., 2016). They bind to the cis-elements that exist within 
the promoter areas of stress-related genes and thereby regulate the expression of these genes which 
in turn influence downstream physiological and biochemical reactions (Joshi et al., 2016). Therefore, by 
manipulating a TF the plant’s stress tolerance can be influenced through activation of stress signals that 
in turn can regulate a number of stress responsive genes (Yang et al., 2011). A large number of TF are 
known to be involved in various abiotic stressors and have been used to enhance drought tolerance in 
model and crop plants (Zhang et al., 2009; Ying et al., 2012; Yang et al., 2015; Tripathi et al., 2014). 
One specific family of TF, namely the NAC TF (NAM (no apical meristem); ATAF1/2 and the CUC2 (cup-
shaped cotelydon genes) are known to be involved in signaling pathways used by plants to respond to 
abiotic and biotic stress (Souer et al., 1996; Aida et al., 1997; Fang et al., 2008; Le et al., 2011; Shiriga 
et al., 2014). In tomato, an important commercial food crop, 104 potential NAC TF genes have been 
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identified through genome-wide analysis and micro-array datasets (Su et al., 2015; Kou et al., 2013). 
However, only a limited number of studies have functionally annotated some of these tomato NAC TF. 
In this study a novel tomato NAC TF gene, namely SlNAC2, was overexpressed in tobacco and 
functionally analyzed in relation to drought tolerance with the intention to provide insights into 
commercial crop drought tolerance improvement methodologies. 
 
2.2) Materials and Methods 
2.2.1) Gene Isolation  
The full length coding sequence of SlNAC2 (accession number: KT740994.1) was obtained from the 
pJET:SlNAC2 vector provided by our collaborator, Prof SK. Panda, Assam University, India. From this 
vector, using the Q5 High-Fidelity DNA Polymerase kit (New England Biolabs, Ipswich, USA), a blunt 
end SlNAC2 amplicon was amplified through PCR. A vector specific primer pair was used for this 
amplification (Table 1) with the thermal cycler conditions set as follows: 98°C initial denaturation for 30 
s, 25 cycles 98°C for 10 s, 60°C for 20 s, 72°C for 30 s, and a final extension at 72°C for 2 min. All 
primers were synthesized by Inqaba Biotechnologies (Pretoria, South Africa). The PCR product was 
separated on a 1% (w/v) TBE agarose gel at 100 V and visualized under UV light provided by a G:BOX 
gel documentation system (Syngene, SDI Group, Cambridge, UK). The correct size amplicon (1.25 kb) 
was purified using the Wizard SV Gel and PCR Clean-Up system (Promega, Madison, USA), according 
to the manufacturer’s instructions.  
The gene integrity was confirmed by sequencing, which was conducted at the Central Analytical 
Facilities (CAF), Stellenbosch University. All sequenced data was analyzed using BLAST ((Basic Local 
Alignment Search Tool) National Center for Biotechnology Information). Sequence data was further 
analyzed_and_aligned_using_CLC_Sequence_viewer_(CLC_Genomics_Workbench_6.8.1_(www.qiagenb
ioinformatics.com). The nucleotide coding sequence of SlNAC2 was used as a query in a BLAST search 
to find orthologs of this gene, only sequences with E-values of 0 were included in phylogenetic analysis. 
The construction of phylogenetic trees was done using the NCBI program, Genome Workbench and the 
MUSCLE alignment tool (http://www.ncbi.nlm.nih.gov/projects/gbench/). Trees were constructed using 
the full length protein sequences of the genes in question using ClustalW according to the default 
settings provided. All chemicals used in this study were purchased from Sigma Aldrich (Missouri, USA) 
unless stated otherwise. 
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2.2.2) Construction of the plant expression vector 
The blunt ended purified SlNAC2 gene was digested at one end with XbaI (New England Biolabs (NEB), 
37°C, 2 h, CutSmart buffer) (compatible end with SpeI), allowing for directional cloning. The product 
was separated and purified as described above. A modified pCambia1300 plant expression vector 
containing a 35S promoter-multiple cloning site-Nos terminator cassette was digested with SpeI and 
SmaI (blunt cutter) (NEB, 37°C, 2 h, CutSmart Buffer) to create compatible ends with the digested 
SlNAC2. The digested vector was separated on a 1% (w/v) agarose gel and visualized under UV to 
ensure proper linearization. The linearized vector was purified and subsequently, SlNAC2 and 
pCambia1300:35S were ligated to create pCam1300:SlNAC2. Ligation was performed overnight with a 
vector to insert DNA molar ratio of 3:1 using T4 DNA ligase (NEB, Ipswich, USA), according to the 
manufacturer’s instructions.  
The pCambia1300:SINAC2 ligation product was transformed into DH5α chemically competent 
Escherichia coli cells by heat shocking at 42°C for 45 s. Transformations were selected for on Luria-
Bertani medium (LB) (10 g/l peptone, 5 g/l yeast extract, 10 g/l NaCl, 15 g/l agar) plates containing 
kanamycin (50 mg/l). Bacterial colonies were screened by colony PCR using a gene specific primer pair 
(Table 1) and the positive colonies were grown overnight in 5 ml liquid LB media containing kanamycin. 
Plasmid DNA was extracted from these cultures using the Wizard Plus SV Miniprep DNA purification kit 
(Promega, Madison, USA), according to the manufacturer’s instructions. The presence of the target 
gene was confirmed by PCR using gene specific primers (Table 1) and visualized via gel 
electrophoresis.  
The pCambia1300:SlNAC2 vector DNA was subsequently transformed into Agrobacterium tumefaciens, 
strain LBA4404 by electroporation using the GenePulser Xcell electroporator (Bio-Rad, California, USA) 
set at 2400 V, 25 µF capacitance and 200 Ω resistance. Successful transformations were selected for 
on YEP (10 g/l peptone, 10 g/l yeast extract, 5 g/l NaCl, 10 g/l agar) plates containing kanamycin and 
rifampicin (50 mg/l each). Colonies were screened via colony PCR and the positive colonies grown 
overnight in liquid YEP liquid media containing 50 mg/l kanamycin and rifampicin.  
 
2.2.3) Plant transformation and selection 
Nicotiana tabacum cv. Samsun seeds were sterilized for 10 min in a 50% bleach solution, rinsed three 
times with sterile H2O and placed on semi-solid MS media (Murashige and Skoog, 1962), pH 5.8. 
Germinated seedlings were allowed to grow up to a height of roughly 5 cm. Leaf discs of around 1 cm2 
were cut from young leaves and infected with the transformed Agrobacterium containing 
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pCambia1300:SlNAC2. For this a 1 ml starter culture of the Agrobacterium was inoculated into 50 ml of 
YEP media containing 50 mg /l rifampicin and 50 mg/l kanamycin and grown at 28°C. The culture was 
centrifuged at 5000 g for 10 min. The bacterial pellet was re-suspended in fresh MS media to an OD600 
of 0.8 and used for the plant transformation procedure. Leaf discs were inoculated for 20 min in the A. 
tumefaciens suspension. Inoculated leaf discs were blotted dry on sterile filter paper, placed on co-
cultivation media (4.46 g MS salts with vitamins, 1 µM BAP, 30 g/l sucrose and 10 g/l gelrite, pH 5.8) 
and incubated at 22°C for 2 days in the dark. After two days the leaf discs were transferred to 
regeneration media (4.46 g MS salts with vitamins, 1 µM BAP, 30 g/l sucrose, 10 g/l gelrite, 35 mg/l 
hygromycin and 400 mg/l cefotaxime, pH 5.8), and kept at 26°C in a 16 h/8 h day/night cycle under cool-
white fluorescent lights and sub-cultured to fresh media every two weeks.  
Shoots began to develop after 4 weeks. Each site of shoot development was regarded as a separate 
transgenic event. Ten (Tnt1-10) putative transgenic shoots were transferred to rooting media (2.23 g/l MS 
salts with vitamins, 20 g/l sucrose, 10 g/l gelrite, 35 mg/l hygromycin and 400 mg/l cefotaxime, and pH 
5.8) in small 100 ml culture vessels. All rooted plantlets, when they were around 5 cm high, were harden 
off in the glasshouse by planting them in a soil mix (2:1:1 potting soil: sand: vermiculite). Plants were 
initially covered with a transparent plastic container to prevent wilting and death for 1 week. Plants were 
then kept under natural light at around 25°C. The T1 plant lines were grown until blooming after which 
bags were placed over the still closed flower buds to prevent cross pollination. Seed pods were 
harvested from the T1 generation plants.  
 
2.2.4) Confirmation of transgene presence and expression  
Genomic DNA was tested directly from leaf material, using the Phire Plant Direct PCR kit (ThermoFisher 
Scientific, Waltham, USA), from the putative T1 transformed plantlets according to the manufacturer’s 
instructions. The presence of the transgene in the putative transgenic plants was confirmed via PCR 
analysis using gene specific primers (Table 1). The PCR settings used were as follows: 98°C initial 
denaturation 5 min; 25 cycles for 98°C 5 s, 57°C for 5 s, 72°C for 20s; 72°C for 1 min final extension. 
See Table 1 for all primer sequences used for PCR. 
Total RNA was extracted from 100 mg of T1 generation plants using the RNeasy Plant Mini kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. cDNA was synthesized from the 
extracted RNA (500 ng) using the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher 
Scientific, Waltham, USA) according to the instructions provided in by the manufacturers. cDNA (1 µl) 
was used as template in semiquantitative RT-PCRs to screen for transgene expression.  
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For sqRT-PCR, GoTaq DNA polymerase was used (Promega, Madison, USA) using gene specific 
primers (Table 1). PCR settings were as follows: 95°C initial denaturation 2 min; 25 cycles of 95°C 30 
s, 57°C for 30 s, 72°C for 30s; 72°C for 5 min final extension. The 500 bp amplicon, was visualized on 
a 1% (w/v) agarose gel under UV light on a G:BOX gel documentation system (Syngene, SDI Group, 
Cambridge, UK).  
 
Table 1. PCR primers used to isolated and confirm gene presence and RNA integrity 
Name Primer Sequence 5` - 3` 
Melting 
Tm ° C 
Amplicon 
Size 
Description 
GenBank 
Accession # 
pJET1.2 Forward  CGACTCACTATAGGGAGAGCGGC 60 
1250 bp 
Amplification of gene 
out of pJET1.2/blunt 
EF694056.1 
pJET1.2 Reverse AAGAACATCGATTTTCCATGGCAG 60 
SlNAC2_Check_Fwd. GCTTATAACACACTATTTAGCC 57 
500 bp 
Transgene insertion 
and orientation check 
KT740994.1 
SlNAC2 Check Rev. TGGTGGCAAATTTGAAGACCT 59 
NtActin (Tac9) Fwd. CCCTCCCACATGCTATTCT 57 
500 bp 
Check of quality of 
extracted RNA 
X69885.1 
NtActin (Tac9) Rev. AGAGCCTCCAATCCAGACA 57 
 
2.2.5) Experimental setup of drought trial 
T2 generation seeds of the selected lines were sterilized and germinated in vitro on MS media (4.46 g/l 
MS salts with vitamins, 20 g/l sucrose and 10 g/l gelrite, pH 5.8) containing 35 mg/l hygromycin. Control 
wild type N. tabacum seeds were germinated without antibiotics. Plantlets were transferred to bottles 
with semi-solid MS media and grown for 4 weeks under a 16 h/8 h day night cycle at 26°C. The plants 
were then transferred to the glasshouse. In the glasshouse they were planted in 20 cm diameter pots 
containing 2 kg of a drought soil mix (2:1:1 palm peat:sand:vermiculite) and hardened off over a one 
week period.  
Eighteen plants of each line, including wild type controls, were planted out and kept well-watered for 4 
weeks. Plants were fertilized with Hygrotech Generic Fertilizer (Hygrotech, Stellenbosch), every two 
weeks. The plants were kept at 25°C with no artificial light supply or humidity control in a randomized 
trial setup. After 4 weeks the irrigation was switched off to initiate the drought period. Leaf material 
(leaves 1 to 6) was harvested on days 0, 7 and 21 and leaf 4 on day 5, 10 and 14. Leaf 1 was the first 
fully emerged leaf at the top of the plant. With the exception of leaf 4, all leaves were flash frozen in 
liquid nitrogen. Samples were then stored at -80°C till processing. 
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2.2.5.1) Soil Moisture 
Soil moisture was measured daily for all pots containing plants included in the trial to monitor moisture 
loss for the duration of the experiment. Measurements were done in triplicate per pot with the ProCheck 
soil moisture probe at a depth of 10 cm from the surface soil level (Decagon Devices, Washington, 
USA). 
 
2.2.6) Physiological and Biochemical analysis 
2.2.6.1) Relative water content (RWC) 
The RWC of the leaves (leaf 4) were calculated using discs with a 1 cm diameter. The RWC was 
determined using the fresh weight (FW), turgid weight (TW) and dry weight (DW). The turgid weight was 
determined after soaking the leaves in deionized water overnight, while the dry weight was calculated 
after drying at 50°C for two days. The RWC was calculated and expressed as a percentage by using 
the formula (González and González-Vilar, 2001):  
((FW-DW)/ (TW-DW) *100) 
2.2.6.2) Reactive oxygen species (ROS) 
Leaf discs harvested from leaf 4 were used for 3,3’-diaminobenzidine (DAB) and 4-nitroblue tetrazolium 
chloride (NBT) staining as described by Saha et al. (2016) with minor modifications. All staining was 
done in triplicate for each biological sample. One centimeter (1 cm) disks were cut from the mid-section 
of the leaf, avoiding the veins where possible. Separate leaf discs were placed in the DAB solution (1.25 
mg/ml DAB dissolved in H2O, pH 3.8) and NBT staining solutions (3 mg/mL NBT dissolved in 10 mM 
potassium phosphate buffer, pH 7.0, containing 10 mM NaN3) for 8 hours. De-staining was carried out 
in 96% ethanol heated to 60°C until all chlorophyll was visually absent for both DAB and NBT assays. 
The stained leaf discs were stored in a 1:4 glycerol: ethanol solution until photographed. 
H2O2 content was measured according to the method described by Junglee et al. (2014) which utilizes 
potassium iodide (KI). Extractions were done from ±25 mg of ground frozen plant tissue using 1 ml 
extraction/reaction buffer containing 0.25 ml 10 mM potassium phosphate buffer, pH 5.8, 0.5 ml of 1 M 
KI and 0.25 ml of 0.1% (w/v) TCA at 4°C for 10 min. Care was taken to protect samples from light, by 
working in a dark room, wrapping larger tubes in foil and using solid black eppi-racks. The homogenate 
was spun down at 4°C for 15 min. The supernatant was collected and 200 µl pipetted into a 96-well 
assay plate and incubated for 20 min at room temperature in the dark. Absorbance was read at 350 nm 
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wavelength using a VersaMax ELISA Microplate Reader. Total H2O2 content was expressed as 
mM*mgFW-1. 
2.2.6.3) Antioxidant activity 
For all antioxidant measurements, leaves 5 and 6 were harvested and macerated in liquid nitrogen into 
a fine powered and pooled together. The same harvested tissue was used for all the different 
measurements.  
Superoxide dismutase 
Superoxide dismutase (SOD) activity was measured using the SOD Assay Kit (Sigma-Aldrich, Saint 
Louis, USA), according to the manufacturer’s instructions. Measurements were done from each 
transgenic plant and the wild type control using three plants as biological repeats. For this 50 mg of 
ground leaf material was dissolved in 1 ml phosphate buffer (pH 7.0, 1% (w/v) polyvinylpyrrolidone 
(PVP) and 0.1 mM EDTA) and centrifuged at 15000 g for 15 mins at 4°C. Three technical readings were 
taken for each biological sample. The standard linear range activity curve was established using SOD 
(cat number: S8160, Sigma-Aldrich, Saint Louis, USA) and the concentration gradient, between 0 and 
0.02 units/ml (U/ml). Optical density (OD) measurements were done on a VersaMax ELISA Microplate 
Reader at a 450 nm wavelength. The activity of SOD was expressed as the rate at which it inhibits the 
oxidation of WST (water soluble tetrazolium salt) from forming formazan. 
Catalase 
Catalase activity was measured using the Catalase Assay Kit (Sigma-Aldrich, Saint Louis, USA), 
according to the manufacturer’s specifications. The standard linear range activity curve was established 
using the reagents included in the kit for H2O2 concentrations ranging from 0 to 7.5 µM. Measurements 
were done on VersaMax ELISA Microplate Reader at an OD wavelength of 520 nm. The activity of CAT 
was expressed as nmoles*min-1*mgFW-1.  
Glutathione  
Glutathione levels were measured by the recycling assay describe by Sahoo et al. (2017). The assay 
determine total/oxidized/reduced glutathione content ratios. Briefly, ±25 mg of frozen plant tissue was 
suspended in 500 µl of 6% meta-phosphoric acid (cat number: 239275; Sigma-Aldrich, Saint Louis, 
USA) containing 1 mM EDTA. Samples where centrifuged at 15000 g for 15 min at 4°C. 200 µl of extract 
was added to 500 µl of a potassium phosphate buffer, pH 7.5, and kept on ice. The enzymatic reaction 
was started by adding 100 µl 10 mM DTNB (5,5’-dithiobis(2-nitrobenzoic acid), 200 µl 10 mM BSA 
(Bovine serum albumin) and 100 µl of 0.5 mM NADH (nicotinamide adenine dinucleotide). The reaction 
was then left to incubate at 37°C for 15 min, after which it was allowed to cool to room temperature. 
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Measurements were done on VersaMax ELISA Microplate Reader at an OD wavelength of 412 nm. 
Total glutathione content was expressed as mM glutathione*mgFW-1. 
The oxidized glutathione content was determined by taking 200 µl of sample extract, mixed and 
incubated with 4 µl of 2-vinylpyridine ((97%); cat number: 132292, Sigma-Aldrich, Saint Louis, USA) at 
room temperature for 1 h. 100 µl of this extract was taken and mixed with 600 µl of reaction buffer (100 
mM potassium phosphate buffer, containing 5 mM EDTA, pH 7.5), 100 µl of glutathione reductase (cat 
number: G3664 Sigma-Aldrich, Saint Louis, USA; 20 U/ml) and 100 µl of 10 mM DTNB. Of this, 170 µl 
mixture was transferred to a 96-well micro-titer plate and the reaction initiated by the addition of 30 µl of 
2.5 mM NADPH (nicotinamide adenine dinucleotide phosphate). The change in absorbance was 
measured at 412 nm wavelength over 5 min at 15 s intervals. Total oxidized glutathione content was 
expressed as mM glutathione (oxidized)/mg FW. 
2.2.6.4) Proline 
Proline was extracted from ±50 mg frozen plant tissue using the method described by Bates et al. (1973) 
with the additional optimization and safety modifications suggested by Carillo and Gibon (2011). Briefly, 
±25 mg of frozen plant tissue was weighed out and placed in 250 µl of extraction buffer (3% sulfosalicylic 
acid (2-Hydroxy-5-sulfobenzoic acid; cat number: 247006, Sigma-Aldrich) solution (SAS). Sample tubes 
were kept on ice, at all times. The extracts were then spun down (14000 g for 15 min) and the 
supernatant was removed and placed in separate tubes on ice. 500 µl of reaction mix (in a ratio of 1:2:2 
: 200 µl 3% SAS, 400 µl glacial acetic acid (cat number: ARK2183, Sigma-Aldrich, Saint Louis, USA), 
400 µl acidic ninhydrin (1.25 g Ninhydrin (cat number: N4876, Sigma-Aldrich, Saint Louis, USA), 
dissolved in: 30 ml glacial acetic acid and 20 ml 6 M orthophosphoric acid (cat number: W290017, 
Sigma-Aldrich, Saint Louis, USA ) was then pipetted into clean tubes to which 100 µl of sample extract 
was added. The mixture was then heated to 96°C for 60 min. Once the tubes cooled, they were 
centrifuged for 15 s at 7000 g. 200 µl of this mixture was then plated out in triplicate and the absorbance 
measured at 520 nm wavelength using a VersaMax ELISA Microplate Reader. A stepwise (1:10) proline 
dilution gradient stating at 0.1 M was used to create the standard curve (Supplementary Data Figure 
S8). A 3% SAS solution served as a blank. Proline content was expressed in µmol*mgFW-1. 
2.2.6.5) Lipid peroxidation 
Malondialdehyde (MDA) is commonly used to determine the levels of lipid peroxidation that occurs within 
the plant cell. For this study MDA was assayed according to the method developed by Heath and Packer 
(1968) with slight modifications to accommodate volumes associated with a 96 well plate reader. Briefly, 
±25 mg of ground frozen plant tissue was weight out into separate tubes. The tissue was then 
suspended in 500 µl 6% (w/v) TCA (trichloroacetic acid) and the samples were vortexed for 15 s. 
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Samples were then centrifuged for 10 mins at 4°C at 18000 g, 200 µl of supernatant was collected and 
placed into clean tubes. 400 µl of 20% TCA was and 400 µl 0.5% (w/v) TBA (2-thiobarbituric acid) were 
then added to the tubes containing the sample supernatant. The tubes were then heated to 90°C for 20 
mins, after which it was cooled on ice for 10 mins. The tubes were centrifuged for 5 min at 18000 g. 
Absorbance was measured at wavelengths of 532 nm and 600 nm. MDA content was calculated 
according to the formula: 
nmol MDA/ mg FW = ((A532-A600)*D*x*1000)/Ɛ*ƃ*ȳ) 
Where: 
 A532-A600 = The true absorbance corrected for non-specific absorbance 
 D= Dilution factor of extract to reaction buffer 
 Ɛ = Extinction coefficient 155 mM-1 cm-1 
 X = amount of TCA used in ml 
 ȳ = mg FW of tissue used 
 ƃ = Distance has to travel through (0.63 cm) 
2.2.6.6) Leaf senescence assay 
The leaf senescence assay was carried out according to the experimental design by Saha et al. (2016). 
A disc punch was used to cut 1 cm diameter discs from leaf tissue (leaf number 2 and 3), from both the 
transgenic and control plant lines. Samples were collected in triplicate, and placed in a 12-well assay 
plate. A solution, 3 ml of either dH2O or a 20% (w/v) polyethylene glycol (PEG6000) containing 1 µl 
Tween20 was added to the wells. The discs were then incubated in solution, for 72 h with a 16h/8h day-
night cycle. After incubation, the leaf discs were blotted dry and photographed. Once photographed the 
chlorophyll was extracted using the method described in section 2.2.6.7  
2.2.6.7) Chlorophyll content 
Relative chlorophyll content was calculated using dimethyl sulfoxide (DMSO) according to the method 
described by Hiscox & Israelstam (1979). Leaf discs of 1 cm in diameter were punched from leaves, 
numbers 1 to 3, and their respective weights were noted. The discs were heated in 1 ml DMSO to 60°C 
in 1.5 ml lock cap Eppendorf tubes. The tubes were centrifuged at the 18000 g maximum speed after 
which the supernatant was collected. Absorbance of the supernatant was measured at absorbance at 
wavelengths of 645 nm and 663 nm. From these readings the total chlorophyll content was calculated 
according to the formula described by Arnon (1949):  
Total chlorophyll (μg/ml) = 20.2 (A645) + 8.02 (A663) 
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2.2.6.8) Stomatal Conductance 
The SC-1 Leaf Porometer (Decagon Devices Inc, Pullman, USA) was used to measure the stomatal 
conductance of the plant lines as previously described by Zarco-Tejada et al. (2004). This is a non-
invasive measurement and therefore, measurements were taken regularly on days 0, 4, 7, 11, 14, 18 
and 21 at three positions on each leaf’s surface. According to the manufactures instructions and 
stomatal conductance was expressed as mmol*m-2s-1. 
2.2.6.9) Chlorophyll Fluorescence 
The level of chlorophyll fluorescence was measured using the OS30p+ (OPTI-SCIENCES, Hudson, 
USA) Chlorophyll Fluorimeter according to the method of Strasser et al. (2004). Due to the non-invasive 
nature of the measurement is was possible to record multiple readings at 3 to 4 day intervals stating at 
the onset of the water stress treatment (day 0). Measurements were taken in triplicate from three 
different plants, using a different leaf for each measurement. Dark adaptation clips were applied to 
leaves for 20 min prior to reading. Chlorophyll fluorescence was expressed as FV/FM. 
 
2.2.7) Gene expression profiling 
Real-time expression analysis was conducted for several stress-induced genes to determine transcript 
abundance. These include Actin, Ubiquitin, 18sRNA, which served as housekeeping genes and GAD3, 
Dehydrin, and P5CS which are stress induced and serve as markers thereof. Initial validation of qPCR 
primers was completed using GoTaq DNA polymerase (Promega, Madison, USA) in conventional PCR 
to ensure the amplification of a single PCR product (Supplementary Data Figure S3). The presence of 
a single melting curve peak was used as additional confirmation that only one PCR amplicon was 
produced (Supplementary Data Figure S4). qPCR primers were designed using the RealTime qPCR 
Assay designer, Integrated DNA technologies, and synthesized by Inqaba Biotechnologies (Pretoria, 
South Africa). RNA was extracted from wild type stressed and non-stressed N. tabacum control and 
transgenic lines using the Maxwell 16 LEV Plant RNA kit (Promega, Madison, US) according to the 
manufacturer’s specifications. cDNA was synthesized from 500 ng of RNA using the RevertAid H Minus 
First Strand cDNA Synthesis Kit (ThermoFisher Scientific, Waltham, USA). cDNA, 1 µl served as 
template to test the qPCR primers over a gradient of annealing temperatures. The PCR setup for the 
gradient PCR was as follows (35 cycles): 95°C initial denaturation 3 min, 95°C 30 s, gradient annealing 
temperatures 56°C to 62°C for 30 s, 72°C for 10 s, final extension 72°C for 5 min. The PCR products 
were separated on a 2% agarose gel (w/v) and visualized under UV light on a GBOX gel documentation 
system (SYNGENE, SDI Group, Cambridge, UK).  
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PCRs were performed using the QuantStudio 3 Real-Time PCR System and PowerUp SYBR Green 
Master Mix Assay, both form Applied Biosystems (ThermoFisher Scientific, Waltham, USA). According 
to the manufacturer’s instructions for the PCR setup. Total reaction volumes of 10 µl per sample 
contained 1 µl cDNA template, 5 µl 2X iQ SYBR Green mix and 2 µl each of a 300 nM gene specific 
primer pair. Analysis of the melt curve results were conducted using the supplied software QuantStudio 
Design and Analysis Software v1.3.1, and the Ct values were exported to Microsoft Office Excel-2013 
for further calculations. Gene expression was normalized utilizing the reference gene, ubiquitin as it was 
most consistent across all lines. 
 
Table 2. qPCR primers used for quantitative gene expression profiling. 
 
Primer Name Primer Sequence 5` - 3` 
Melting 
Tm ° C 
Amplicon 
Size 
Description 
GenBank  
Accession # 
NtTaq9 Fwd GTTTGCTTCATCCTCCTCTCTC 60 
102 bp Actin (9) X69885.1 
NtTaq9 Rev ACTTTATGCTTCCGGCTCTG 60 
NtUbiquitin 
Fwd ATCCTAACTCGCCAGCTAATTC 60 
103 bp Ubiquitin AB026056.1 
NtUbiquitin 
Rev GGTGTCCAGCTCTGTTCAA 60 
18SRNA Fwd GCGGAAGGTTTGAGGCAATAAC 60 
103 bp 18sRNA AJ236016.1 
18SRNA Rev CTGTCGGCCAAGGCTATAAA 60 
NtGAD3 Fwd TCGCTGCGTGAACATGATAG 60 
101 bp 
Glutamate 
decarboxylase 3 
AF353615.1 
NtGAD3 Rev GCATTATGGCCTCCGATGAA 60 
NtDehydrin 
Fwd CAAGGCGGAAGAAGGAAGGAA 60 
102 bp Dehydrin AB049336.1 
NtDehydrin 
Rev CGTAGTTGTTGCAGTTGAATGAG 60 
P5CS Fwd GACACGGACTGATGGAAGATTAG 60 
108 bp 
Δ-1-pyrroline-5-
carboxylate 
synthase 
HM854026.1 
P5CS Rev GCACCTGAAGTCACCAGAATAA 60 
SlNAC2 Fwd TCAAATCTTACGAGAAGCGATAGT 60 
104 bp 
S. lycopersicum 
NAC2 
KT740994.1 
SlNAC2 Rev CTCGCTGTTGTTGTAATCTTGTT 60 
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2.2.8) Statistical Analysis  
The drought stress trial was repeated twice and all measurements were made with three biological 
repeats (n=3) with additional technical repeat done in triplicate (n=9). Mean values were presented with 
their standard deviation (SD). All graphs and the subsequent statistical analysis were completed using 
GraphPad Prism version 6.01 for Windows (GraphPad Software, La Jolla, USA). Statistical validation 
and significance (p ≤ 0.05) were assessed with one-way analysis of variance (ANOVA) followed by the 
post-t Dunnett’s test (Dunnett and Sobel, 1955) and a two-way ANOVA using Tukey’s multiple 
comparison test (Tukey, 1949). 
 
2.3) Results 
2.3.1) SlNAC2 gene analysis  
The SlNAC2 gene was identified in the genome of Solanum lycopersicum, isolated and cloned into the 
pJet cloning vector and provided to us by the research group of Prof SK. Panda, Assam University, 
India. The cloned gene fragment inside the pJET:SlNAC2 cloning vector was sequenced and analysis 
of the cloned cDNA indicated a 960 bp long nucleotide fragment which encode for 319 amino acids with 
a predicted molecular mass of 77.9 kDa (Supplementary Data Figure S10). Similar to other NAC genes, 
SlNAC2 has a highly conserved N terminus with a variable C terminus. A phylogenetic analysis of the 
newly isolated SlNAC2 transcription factor (TF) in relation to its orthologs, identified through a Protein 
blast and constructed using ClustalW were performed (Supplementary Data Figure S2). Only ortholog 
gene sequences with the E-values equal to 0 and at least 60% sequence identity, when aligned with 
SlNAC2, were included in the phylogenetic analysis, using the BLOSUM matrix and rooted with two 
Arabidopsis NAC protein sequences (accession number: NP_200951.1 and NP_189546.1; E-values 
7e-122 and 8e-116 respectively). The resulting phylogenetic tree showed that SlNAC2 cluster together 
in a subgroup with other Solanum plant species. The highest protein sequence similarity (98%) was with 
a NAC TF from S. pennelli, a highly stress tolerant wild species of tomato known as an important donor 
of germplasm for the cultivated tomato, S. lycopersium. SlNAC2 furthermore shared high sequence 
similarity (84-87%) with the NAC TF from the pepper species (Capsicum), which is also part of the 
Solanaceae family  
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Figure 8. Phylogenetic tree of the SlNAC2 homology proteins across different plant species. The amino acid 
sequences were aligned using BLOSUM matrix (Tong, 2013) and the phylogenetic tree constructed using 
ClustalW (McWilliam et al., 2013). Sequence identities converted to measure of distance is indicated by numbers 
at each node. 
 
2.3.2) Cloning of SlNAC2 into a plant expression vector and transformation into tobacco plants  
The SlNAC2 cDNA was released from the pJET vector by digestion with HindIII and EcoRI (Figure 9a) 
and cloned into the pCambia1300 plant expression vector to produce pCam1300:SlNAC2 and 
transformed into DH5α Escherichia coli cells (Figure 9b). In the pCambia1300 vector the SlNAC2 gene 
was under control of a 35S promoter and nopaline synthase terminator (nos). The pCam1300:SlNAC2 
vector construct was then transformed into competent Agrobacterium tumefaciens, LBA4404 cells via 
electroporation. Colony PCR, using a 35S promoter forward and SlNAC2 reverse primer pair, confirmed 
the successful transformation into the Agrobacterium (Figure 9c). 
Tobacco leaf disc explants were transformed with Agrobacterium containing the pCam1300:SlNAC2 
DNA. Of the 10 independent T1 putative transgenic plants that were generated all were positive 
transformation events as detected by PCR using SlNAC2 gene specific primers (Figure 10). Semi-
quantitative analysis of the transgene expression in the 10 independent positive transgenic plants 
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showed that 5 plants expressed the transgene at relative similar levels (Figure 11). Seeds were collected 
from the control and T1 transgenic plants and stored at room temperature for future use. Three 3 
independent lines were selected for further functional analysis of SlNAC2. 
 
Figure 9. Cloning of SlNAC2 into the pCambia1300 plant expression vector and transformation into bacteria. a) 
Digestion of pJET:SlNAC2 with HindIII and EcoRI to release the cDNA fragment; PCR confirmation of 
pCam1300:SlNAC2 transformation into: b) E. coli and c) A. tumefaciens, strain LBA4404. 
 
Figure 10. PCR analysis to confirm transgene insertion in putative transgenic tobacco plants using SlNAC2 gene 
specific primers and genomic DNA extracted from putative transgenic tobacco leaf material (T1-10) as template. 
WT = untransformed control; H2O = negative water control; + = positive plasmid control. 
 
Figure 11. Semi-quantitative PCR analysis of SlNAC2 expression in transgenic tobacco plants using a) actin and 
b) transgene specific primers. cDNA synthesized from RNA extracted from tobacco leaf material were used as 
template. 1 -10 = transgenic plants; WT = untransformed control; H2O = negative water control; + = positive plasmid 
control.  
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To assess the unstressed phenotype of both untransformed and transformed plants, T1 generation 
seeds were germinated in vitro on growth media containing antibiotics. Control seeds were germinated 
on growth media without antibiotics. T2 plants surviving the selection were grown in vitro to a height of 
around 5 cm, allowed to root, and then harden off in pots in the glasshouse. Plant growth was assessed 
90 days after planting when the early stages of flower formation had begun (Figure 12). All three 
transgenic lines exhibited a normal phenotype under unstressed conditions when compared to the 
untransformed control plants (Figure 12; Table 3). The plant lines all exhibited similar height (±1.2 m) 
with no significant variation between the plant lines. The flowering time, transgenic lines T4 and T5 
started flowering slightly earlier (± 1 week) before the T10 and control lines, number of flowers (average 
12.5 flowers/plant) and pod numbers (12.5 mature pods / plant) being similar between the plant lines 
and also displayed no significant differences between transgenic and untransformed plants.  
 
Figure 12. Phenotypic assessment of transgenic and wild type control tobacco plants when reaching the flower 
formation stage under normal watering conditions, 3 months after planting. a) WT untransformed control; b-d) T4, 
T5 and T10 transgenic plants.  
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Table 3. The phenotype of transgenic and control plants under normal unstressed growth conditions taken after 
seed formation. Plant height was measured 3 months (±95 days after planting). Mean values were calculated from 
three plants for each line (n = 3) with standard deviation indicated. 
Plant Line Avg. Plant Height (cm) Avg. Seed Pod Number Avg. Flowers 
Wt 128 ± 4 12 ± 2 12 ± 2 
T4 121 ± 3 11 ± 1 11 ± 1 
T5 124 ± 5 13 ± 1 13 ± 1 
T10 140 ± 4 14 ± 2 14 ± 2 
 
2.3.3) Overexpression of SlNAC2 leads to a delay in leaf senescence during drought stress and 
greater recovery after re-watering 
Three independent transgenic plants (T4, T5 and T10) were used for all further drought stress analysis. 
T1 generation seeds of these, as well as control seeds, were again germinated in vitro. T2 plants 
surviving the in vitro antibiotic selection were harden off in pots in the glasshouse and allowed to grow 
for four weeks. After four weeks the transgenic and control plants were exposed to water stress by 
withholding water for 21 days, followed by re-watering. Figure 13 illustrates the phenotype of 
untransformed and transformed tobacco plants before (Figure 13a) and after exposure to water stress 
(Figure 13b) and after re-watering for 14 days (Figure 13c). In addition, a set of plants of each lines were 
exposed to water stress for an extended period, longer that 21 days. The phenotype and survival of 
these plants were monitored (Figure 13d, e). 
After 21 days of water deficit both the transgenic and the wild type control plants were showing signs of 
stress. When the stress period was extended the wild type control plants showed a higher level of leaf 
senescence, shedding mature leaves at a faster rate than any of the transgenic lines. The transgenic 
plants exhibited a delay in the senescence of lower leaves. (Figure 13b, e). The transgenic plants also 
maintained apical meristem growth, forming a number of tiny leaves at the top of the plant in contrast to 
the control plants which formed little to no new leaves. By day 28 pw, all the control plants died while 
the transgenic plants still maintained some apical leaf growth. Wilting occurred in the control and 
transgenic plants at the same rate, with the wild type showing signs of leaf bleach and wilting about two 
days earlier than the transgenic plants.  
After 21 days, plants were re-watered and received fertilizer. All the lines recovered from the water 
deficit stress and after 14 days of watering there were little to no difference between the transgenic and 
wild type plants (Figure 13c). The plants were allowed to grow for a further 30 days under normal 
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conditions. However, the plants that recovered from water stress had a stunted phenotype compared to 
the plants that were not exposed to drought stress. Unstressed transgenic and control plants on average 
grew to a height of 128 cm (Table 3), while plants recovering from a lack of water varied significantly in 
height, with the wild type control and the transgenic plant lines reaching and average height of 38 and 
52 cm, respectively (Table 4). The recovered T4 and T10 transgenic plants were significantly taller than 
the wild type control plants when they had recovered and matured after drought stress (Table 4).  
Flowering time was 2 weeks premature for T4 and T10 plants, and delayed by 2 week or T5 plants relative 
to the wild type. The amount of seed pods produced in mature plants varied greatly between the different 
plant lines after recovery from water stress. T4 transgenic plants produced significantly more seed pods 
(average 8), followed by T10 with average 4 seed pods, while the wild type control and T5 transgenic 
plants on average formed 2 seed pods per plant. Furthermore, control wild type plants would form 
flowers but these flowers did not produce seed pods, either due to a lack of pollination or pre-mature 
shedding of the flowers (Table 4). In addition, T5 transgenic plants recovering from water stress 
displayed a delayed flowering phenotype and flowers formed on average 15 days after the other plant 
lines.  
 
Figure 13. Transgenic SlNAC2 and control plants subjected to water stress. a) 4-week old plants before drought 
stress; b) 21 days without water and c) 14 days after re-watering. Plants after 28 days of severe water stress: d) 
untransformed plant; e) T4 transgenic plant. 
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Table 4. Phenotypic analysis of transgenic and control plants after recovery from water stress, 6 weeks after re-
watering. Two-way ANOVA using Tukey's multiple comparisons test for variance: Statistically significant values 
greater than the wild type, at p ≤ 0.05, is indicated with an (*). 
Plant Line Avg. Plant Height (cm) Avg. Seed Pod Number Avg. Flowers 
Wt 38 ± 20 2 ± 3 4 ± 3 
T4 57* ± 11 8* ± 2 8* ± 2 
T5 44 ± 19 2 ± 3 2 ± 3 
T10 56* ± 8 4 ± 3 4 ± 3 
 
2.3.4) RWC as a measurement of plant water status contribute to enhanced drought tolerance in 
SlNAC2 transgenic plants 
To study the level of water loss experienced by the plants, the relative water content (RWC) of leaves 
of the transgenic and control plants were assessed. RWC was measured at six time points after water 
was withheld, namely day 0, 5, 7, 10, 14 and 21 (Figure 14). Simultaneously, the soil moisture content 
of all the different pots (n=18 / plant line) included in the trial was monitored. The soil moisture content 
in all the pots, 10 cm below the soil surface, drop at similar rates from ±0.4 m3/m3 in the fully saturated 
soil at the beginning of the trial (day 0) to < 0.016 m3/m3 in the dry pots at day 21 pw (post watering) 
(Figure 14a). The RWC in the plants after 21 days of water stress, the control plants lost 35% of their 
water content compared to the average of 26.6% water loss in the transgenic lines. The RWC of the 
three transgenic lines were higher (p ≤ 0.05) by the end of the stress period even though both types of 
plants initially had an RWC of ± 85% (Figure 14b). During the course of the stress period the control 
plants showed an average RWC drop of 26% and 30% by day 7 and 14, respectively. This was 
consistently more when compared to the average decline in RWC of 21.6% and 28% across all the 
transgenic plants, at the same time points. One transgenic line, T4, maintained a higher water content, 
when compared to the control, at these two earlier time points (day 7 and 10 pw).  
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Figure 14. Soil moisture content (a) and RWC (b) measured in the control wild-type and transgenic plants (T4, T5 
and T10) over a 21 day drought stress period. RWC data represent the mean ± SD of three biological replicates (n 
= 3). Two-way ANOVA using Tukey's multiple comparisons test for variance: Statistically significant values greater 
than the wild type, at p ≤ 0.05, is indicated with an (*). 
 
2.3.5) ROS accumulation in SlNAC2 transgenic and control plants during drought stress 
The activity of enzymes usually associated with plant stress and stress induced oxygen species were 
measured. ROS (reactive oxygen species) production in drought stressed control and transgenic plants 
were investigated through DAB and NBT histochemical straining (Figure 15 and 16). Under unstressed 
physiological conditions (day 0), control and transgenic tobacco lines displayed low levels of H2O2, as 
seen in both the staining and quantitative measurement of H2O2 (Figure 15b). Two of the transgenic 
lines, T4 and T10, initially had significantly less H2O2, this was also seen in the lighter staining of especially 
T10 leaf disks before the commencement of the water stress. However, during the shift from mild (day 
7) to severe (day 21) water stress conditions, the production of H2O2 increased and was found to be at 
a similar level to that of the wild type control plants. Superoxide also accumulated during the course of 
the drought stress period in both the control and transgenic lines. However, the large amount of blue 
precipitate around the edges of the leaf disks, especially on day 21, might be due to O2- accumulation 
as a result of wounding and not water deficit stress when cutting the disks (Figure 16). No clear 
differences in the level of NBT staining between the control and transgenic lines could be detected 
across the drought stress period. 
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Figure 15. ROS accumulation assay. Detection of hydrogen peroxide (H2O2) through a) histochemical DAB 
staining and b) quantitative measurement, in leaf segments of wild type (WT) and T2 transgenic lines (T4, T5 and 
T10) exposed to drought stress. Data represent the mean ± SD of three biological replicates. Two-way ANOVA 
using Tukey's multiple comparisons test for variance: Statistically significant values greater than the wild type, at 
p ≤ 0.05, is indicated with an (*). 
 
 
Figure 16. ROS accumulation assay. Detection of oxygen radicals (O2-) through histochemical NBT staining in 
leaf segments of wild type (WT) and T2 transgenic lines (T4, T5 and T10) exposed to drought stress. 
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2.3.6) Water deficit conditions and its effect on antioxidant capacity in transgenic and control 
plants 
In order to investigate the role of antioxidant enzymes in the defense mechanisms of the SlNAC2 plants, 
we measured antioxidant enzyme activities under drought stress conditions.  
As an indicator for SOD activity, the percentage inhibition of water soluble tetrozolium salts (WST) were 
measured during the process of stress development across the water deficit period, in both the control 
and transgenic plants. At the start of the trial (day 0), the SOD activity showed a significant difference in 
the levels of WST inhibition between the wild type and transgenic lines T4 and T10 (Figure 17). From day 
0 to day 21 pw the level of inhibition increase in the T4 and T10 lines. The increase in WST inhibition is 
an indicator of the increase in SOD activity following drought stress. However, at the last day of the trial 
(day 21), all plant lines show similar levels of inhibition and therefore equal levels of SOD activity.  
Catalase activity across all plant lines decreased over the course of the drought trial (Figure 18). At the 
start of the trial (day 0) the wild type plants had the lowest levels of CAT activity, T10 was measured to 
be the highest. For the transgenic lines CAT activity decreased on day 7 pw, with T4 having significantly 
lower levels of activity compared to the wild type, which exhibited a slight increase in CAT activity. On 
the last day of the trial the CAT activity observed within the wild type was similar to that seen in T4, 
however the activity seen in T5 and T10 was significantly higher and lower than the wild type respectively. 
 
Figure 17. Effect of prolonged drought stress on the inhibition of WST as an indicator of SOD enzyme activity in 
transgenic SlNAC2 (T4, T5 and T10) and control (WT) plants. Data represent the mean ± SD of three biological 
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replicates. Two-way ANOVA using Tukey's multiple comparisons test for variance: Statistically significant values 
greater than the wild type, at p ≤ 0.05, is indicated with an (*). 
 
Figure 18. Effect of prolonged drought stress on CAT enzyme activity in transgenic SlNAC2 (T4, T5 and T10) and 
control (WT) plants. Data represent the mean ± SD of three biological replicates. Two-way ANOVA using Tukey's 
multiple comparisons test for variance: Statistically significant values greater than the wild type, at p ≤ 0.05, is 
indicated with an (*) or p ≤ 0.01 (**). 
 
Reduced glutathione (GSH) is a powerful antioxidant use by plants to combat ROS damage. The plant 
lines all started with similar levels of GSH, with only T5 having significantly less GSH than the other plant 
c lines. The wild type plants saw a 1.1 and the transgenic lines a 1.2 fold increase on average in GSH 
content at day 7 pw. There after the GSH content decreased over time, with no significant differences 
seen between the wild type and the transgenic plant lines at day 21 pw. The untransformed wild type 
plant’s GSH content dropped on average 1.3 fold and in the average decrease in GSH content in the 
transgenic lines was 1.58. (Figure 19). Oxidized glutathione (GSSG) did increase in all the plants as the 
trial progressed. The transgenic plants exhibiting significantly higher levels of GSSG on day 7 (two 
transgenic lines) and day 21 pw when compared to the wild type plants. 
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Figure 19. Effect of prolonged drought stress on the GSH/GSSG content in transgenic SlNAC2 (T4, T5 and T10) 
and control (WT) plants. Data represent the mean ± SD of three biological replicates. As the water stress 
progressed there was a decrease in the content of GSH and there was an increase in the levels of GSSG. Two-
way ANOVA using Tukey's multiple comparisons test for variance: Statistically significant values greater than the 
wild type, at p ≤ 0.05, is indicated with an (*). 
 
2.3.7) Osmolytes provide protection against drought stress in plants overexpressing SlNAC2 
To determine if the accumulation of osmolytes plays a role in protection against drought stress, the 
production of proline was measured in control and transgenic plants overexpressing the SlNAC2 gene, 
using a ninhydrin-based method (Figure 20). The production of proline increased following prolonged 
water deficit conditions in both control and transgenic plants. At the start of the trial, in non-stress 
conditions (day 0), two transgenic lines, T5 and T10, had significantly lower levels of proline compared to 
the wild type control plants. At the end of the drought stress period (day 21 pw), all three transgenic 
lines had significantly higher levels of proline compared to the control stressed plants. The two 
transgenic lines with the lowest proline levels at the start of the trial (day 0) were able to rapidly (day 7 
pw) increase their proline content to levels significantly higher than that of the control plants, an 2.3-fold 
and 1.9-fold increase, respectively.  
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Figure 20. Effect of prolonged drought stress on proline levels in transgenic SlNAC2 (T4, T5 and T10) and control 
(WT) plants. Data represent the mean ± SD of three biological replicates. Two-way ANOVA using Tukey's multiple 
comparisons test for variance: Statistically significant values greater than the wild type, at p ≤ 0.05, is indicated 
with an (*). 
 
2.3.8) The role of SlNAC2 in regulating lipid peroxidation 
In order to estimate the effect of drought induced oxidative stress on lipids, the malondialdehyde content 
of the leaf tissue for each plant line, both control and transgenic lines, was measured. Before the 
induction of water deficit stress (day 0), the T4 and T10 transgenic plants had significantly less MDA in 
their leaf tissue compared to the wild type control plants. However, with the extension of the drought 
stress period all plants, both transformed and untransformed, showed an increase in MDA levels. At the 
end of the drought stress trial, on day 21 pw, MDA levels were similar across all plant lines with no 
significant differences between the control and transgenic plants (Figure 21). 
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Figure 21. Malondialdehyde (MDA) contents of watered and drought stressed wild type control (WT) and SlNAC2 
transgenic (T4, T5 and T10) plants. Data represent the mean ± SD of three biological replicates. Two-way ANOVA 
using Tukey’s multiple comparisons test for variance: Statistically significant values greater than the wild type, at 
p ≤ 0.05, is indicated with an (*). 
 
2.3.9) Effects of drought stress on the photosynthetic machinery of the transgenic SlNAC2 and 
control plants  
The chlorophyll content in control and transgenic plants under water and osmotic stress conditions were 
measured as an indicator of the efficiency of photosynthetic performance. The chlorophyll content was 
determined in an in vitro leaf senescence assay (Figure 22). Similar bleaching patterns in leaf disks 
isolated from control and transgenic plants, after exposure to PEG6000 for 48 h, were seen with a 
general drop in green pigmentation. When quantitatively assessed, no significant difference in total 
chlorophyll content was seen between the control and transgenic leaf disks after exposure to PEG, with 
the exception of T5 showing significantly lower chlorophyll levels after the osmotic exposure.  
Additionally, the chlorophyll content was also determined using leaf material collected from 4-week old 
plants during the water stress period from the glasshouse stress pot trials (Figure 23). The chlorophyll 
content was significantly higher, following prolonged water deficit conditions, in all three transgenic lines 
when compared to the stressed control plants 21 days pw (Figure 23). At the start of the trial, in non-
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stress conditions (day 0), most plants, control plants and two of the transgenic lines, T4 and T5, had 
similar levels of chlorophyll. The one transgenic line, T10 had significantly higher initial levels of 
chlorophyll compared to the rest of the plants in the trial. The transgenic plants maintained mostly 
constant levels of chlorophyll throughout the drought trial. However, in the control plants the level of 
chlorophyll reduced significantly with an average 1.5 fold decrease.  
 
Figure 22. In vitro leaf senescence assay performed using 1 cm diameter leaf disc from wild type control (WT) 
and transgenic SlNAC2 lines (T4, T5, T10) under 20% PEG treatment for 48 hours. a) Visual chlorophyll leaching; 
b) quantitative measurement of chlorophyll content. Data represent the mean ± SD of three biological replicates. 
Two-way ANOVA using Tukey's multiple comparisons test for variance: Statistically significant values greater than 
the wild type, at p ≤ 0.05, is indicated with an (*). 
 
Figure 23. Chlorophyll content of transgenic SlNAC2 (T4, T5 and T10) and wild type control (WT) plants after a 21 
day water stress period. Data represent the mean ± SD of three biological replicates. Two-way ANOVA using 
Tukey’s multiple comparisons test for variance: Statistically significant values greater than the wild type, at p ≤ 
0.05, is indicated with an (*) or p ≤ 0.01 (**). 
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Stomatal conductance and the chlorophyll fluorescence ratio both declined over the course of the 
drought trial (Figure 24). The stomatal conductance were slightly higher in the transgenic plants for the 
period 3 to 18 days. However, only the transgenic plants from line T10 showed significantly higher 
stomatal conductance on days 7 to 10 of the trial when compared to the wild type control plants. Overall, 
a steady drop in stomatal conductance was observed as the trial progressed and at the end of the trial 
all the plants showed similar levels with no significant variation between the plant lines (Figure 24a). 
Furthermore, there was no significant difference in the Fv/Fm photosynthesis rate between the control 
and transgenic lines. After exposure to drought induced water stress at 21 days pw, the photosynthetic 
rate dropped equally in all plants (Figure 24b). 
 
 
Figure 24. Effect of prolonged drought stress on a) stomatal conductance and b) rate of photosynthesis (Fv/Fm) in 
transgenic SlNAC2 and control plants, measured at 3-4 day intervals. Data represent the mean ± SD of three 
biological replicates. Two-way ANOVA using Tukey's multiple comparisons test for variance: Statistically 
significant values greater than the wild type, at p ≤ 0.05, is indicated with an (*). 
 
2.3.10) Overexpression of SlNAC2 increased the expression levels of drought-responsive marker 
genes under drought stress  
Transcripts of drought-responsive marker genes were profiled at three time points i.e. day 0 (non-
stressed), day 7 and 21 pw, in the transgenic SlNAC2 and control plants. Stress marker genes that were 
analyzed using qRT-PCR were GAD3 (glutamate decarboxylase 3), Dehydrin (NtERD10B) and P5SC 
(delta 1-pyrroline-5-carboxylate synthase). Also included in the qRT-PCR analysis, was confirmation of 
the SlNAC2 transgene overexpression. Gene expression was normalized against ubiquitin after initially 
testing three endogenous control genes, namely: actin, 18S and ubiquitin gene. Ubiquitin was found to 
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be the most consistent and was selected to serve as the reference gene for normalization. All primer 
sets produced only one amplicon, confirmed with RT-PCR, and one melting curve peak (Supplementary 
data, Figure S3). The 2-ΔΔCT method was used to calculate the gene expression levels relative to the 
control gene. The wild type gene expression levels serves as a normalization reference, thus all fold 
changes are relative to that of the wild type (Figure 25). 
The results showed that the expression of some marker genes were enhanced in transgenic plants after 
drought stress when compared to the control plants at the same time point during the trial. Transcript 
levels of GAD3, a stress marker gene, increased on day 7 and 21 pw in all the transgenic lines as a 
response to drought stress (Figure 25a). The expression levels of P5CS, a rate limiting gene involved 
in proline synthesis, was up-regulated in all transgenic lines as a result of the increase from mild (day 7) 
pw to severe (day 21 pw) moisture stress experience by the plants. The relatively high level of 
expression of this gene on day 0, prior to drought stress, in all transgenic plants, is unexpected and 
might be due to a technical experimental error (Figure 25b). The levels of dehydrin expression, an early 
onset osmotic stress marker, increased substantially in all three transgenic lines under mild water stress 
(day 7 pw) and dropped again under severe water stress (day 21 pw) in especially transgenic line T4 
and T10 (Figure 25c).  
The expression levels of the transgene, SlNAC2, was further confirmed with qRT-PCR and showed that 
all three overexpressing lines, T4, T5 and T10, displayed high levels of expression (Figure 25d). The level 
of transgene expression was similar for all three transgenic lines (also seen in the sq-RT-PCR; Figure 
8b). Furthermore, transgene expression levels remained stable under non-stress and during the drought 
stress period. This was expected since the transgene was under the control of a constitutive promoter.  
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Figure 25. qRT-PCR analysis of the gene transcript levels of stress-marker genes and the SlNAC2 transgene in 
the transgenic plant lines normalized to that of the wild type. a) Dehydrin, b) P5CS, c) GAD3 and d) SlNAC2 under 
normal and water deficit conditions, day 7 and 21 pw, in transgenic lines T4, T5 and T10. The relative transcript 
levels were normalized and quantified against ubiquitin transcript levels using the 2-∆∆Ct method. Analysis was 
carried out using three biological replicates and vertical bars indicate ±SD (n=3). 
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2.4) Discussion 
Abiotic stress tolerance is one of the key traits that the modern world needs in protecting its crop plants. 
Traditional breeding methods with the aid of genetic tools have greatly improved the success of creating 
plant varieties that have bigger yields and can adapt to stressful environmental conditions. Unfortunately 
selective breeding is still a slow process and it can take several years for a new variety to be up to 
standard or economically viable. Furthermore, breeding for osmotic stress tolerance is difficult as the 
systems that govern beneficial traits such as yield and growth rate are inverse to the ones that control 
a plants ability to withstand osmotic stress. As the world gets hotter and drier, drought stress will become 
one of the bigger problems humans will have to deal with and it is the stress type that will pose the 
biggest threat to global food security in the years to come (Ball, 2004; Enenkel et al., 2015; Park et al., 
2018). 
Fortunately many plants already have the tools in place to enhance drought tolerance. Genome studies 
have identified hundreds of potential genes that can be exploited to create improved crop varieties (M. 
Perez-de-Castro et al., 2012). However, scientists and researchers need to functionally annotate them, 
to determine their role in the biological processes in plants (Brent, 2005; Kasif and Steffen, 2010). 
Transcription factors are a gene group that can be exploited for this purpose, especially in plants. They 
function in regulating downstream gene transcription (Eberwine, 1999), making them a potential choice 
for manipulation of complex traits, such as drought, since they can influence multiple networks of genes 
(Segal et al., 2003a, b). TFs can be grouped according to their conserved domains into specific gene 
families (Riechmann et al., 2000). These gene families can be organized into subgroups with functions 
in core aspects of biological development and biotic/abiotic control. NAC TFs is one of these TF families, 
large and relatively well studied (Puranik et al., 2012). It is also one of the TF families where a subgroup 
of the identified NACs have been specifically associated with abiotic stress tolerance (Nakashima et al., 
2012). 
In this study a NAC TF, known as SlNAC2 was isolated from tomato (Solanum lycopersicum; received 
from our collaborator Prof. SK Panda, Assam University, India). For gene isolation, cDNA synthesized 
from RNA extracted from root tissue, collected from tomato seedlings grown for 7 days in Hoagland 
solution, was used as template in a PCR (Borgohain et al., unpublished). A NCBI search revealed that 
SlNAC2 does indeed belong to the NAC gene transcription factor family displaying the characteristic 
conserved N-terminal with a domain for DNA binding. Amino acid sequence alignment showed that this 
gene was highly homologous to NAC genes identified in wild tomato, potato, tobacco and chili pepper 
(Solanum pennellii, Solanum tuberosum, Nicotiana spp. and Capsicum spp.) (Figure 8). However, the 
protein sequences identified by this BLAST search, having high sequence identity to SlNAC2, are 
predicted NAC TFs identified mostly by whole genome analysis and have not been functionally 
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annotated (Kim et al., 2017; Salanoubat et al., 2000; Tabata et al., 2000; Kim et al., 2014). Therefore, 
these sequences currently have limited use as reference to explore the functions of SlNAC2.  
SlNAC2 was transformed into tobacco (Nicotiana tabacum cv. Samsung) under the control of the 
constitutive 35S promoter. Molecular analysis confirmed the insertion and overexpression of the 
transgene in five transgenic plants (Figure 10 and 11b). Phenotypic analysis of three of these transgenic 
plants confirmed that the SlNAC2 transgene had little impact on the growth and development of the 
tobacco plants under normal unstressed environmental conditions (Table 3). The plants grew to a 
normal height, formed flowers and seeds at quantities and rates similar to control untransformed plants. 
From literature, it seems that the overexpression of NAC TF in plants can result in either a normal 
morphology or growth defects in the transgenic plants, irrespective of control by a constitutive or 
regulatory promoter. Stunted growth and reduced floral apical dominance were seen in Arabidopsis 
plants overexpressing the RD26 NAC gene (Fujita et al., 2004) and reduced flower count and seed yield 
was seen in transgenic rice overexpressing OsNAC6 (Nakashima et al., 2007; review Puranik et al., 
2012). However, when the rice SNAC1 and OsNAC52 genes were overexpressed independently in 
wheat and Arabidopsis, under control of a constitutive promoter, transgenic plants displayed comparable 
morphologies with non-transgenic plants (Saad et al., 2013; Gao et al., 2010). The same was true for 
Arabidopsis plants transformed with two soybean NAC genes, namely GmNAC11 and GmNAC20 or a 
chickpea CarNAC4 gene (Hao et al., 2011; Yu et al., 2015).  
Overexpression of SlNAC2 further provided the tobacco plants with better tolerance and recovery from 
drought-induced water stress. Drought stressed transgenic plants showed a delay in senescence of 
mature leaves and escalated formation of new apical leaves when compared to the control plants (Figure 
13b). This was especially prominent with an extended period of severe drought stress (28 days pw), 
where the untransformed plants died off (Figure 13d, e). Leaf senescence is a controlled degradation of 
cellular structure and redistribution of breakdown products with nutrients normally reallocated to other 
plant organs, such as apical leaves and seeds, which precede cell death (Munné-Bosch and Alegre, 
2004; Schippers et al., 2015). Tobacco has been extensively studied as a model for this process (Uzelac 
et al., 2016). Delayed senescence in tobacco has been found to improve drought tolerance and recovery 
in a study by Rivero et al. (2007). On one hand, Vankova and co-authors, for example also found that 
the activity of the senescence-associated promoter SAG12, are kept low in the uppermost leaves, 
increase slightly in the middle leaves and exponentially increase in bottom ones of the tobacco plant 
(Vankova et al., 2012). On the other hand, the observed delay in leaf senescence in the SlNAC2 plants 
in this study is in contrast to recently published literature on TF overexpression in other plant species 
(Mao et al., 2017). The found that by overexpressing a rice NAC TF, leaf senescence was accelerated 
in rice. It seems that the molecular mechanisms controlled by NAC TF in the different plant species, 
regulate drought-induced senescence differently and remains poorly understood and can be 
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unpredictable from species to species. One possible avenue to still explore is the link between ABA and 
NAC TF as suggested by Shen et al. (2017). ABA is a phytohormone that is active during leaf 
senescence (Woo et al., 2013). 
The most obvious symptom of leaf senescence is bleaching of leaf material as a consequence of 
chloroplast degradation. A reduction in total chlorophyll content has been found in numerous crops when 
exposed to drought (Hailemichael et al., 2016; Chool Boo and Jung, 1999; Doupis et al., 2013). This 
was also the case for the control tobacco plants exposed to water deficit conditions in this study. These 
control plants showed around 38% decrease in total chlorophyll content from day 0 to day 21 pw (Figure 
23). In the transgenic plants overexpressing SlNAC2, a significant higher amount of chlorophyll was 
maintained in the leaves with a drop of between 4%-12.45% at 21 days pw. Chlorophyll allows plants to 
absorb energy from light and is essential for photosynthesis.  
In this study the rate of photosynthesis was characterized by the photosynthetic capacity of the PSII 
system in dark-adapted leaves (Gururani et al., 2015). The plants photosynthetic ability were similar in 
all lines when the plants were unstressed at the start of the drought trial (Figure 24). A 0.79-0.84 reading 
is considered indicative of plants growing in optimal conditions (Murchie and Lawson, 2013; Maxwell 
and Johnson, 2000). When comparing the Fv/Fm of untransformed plants with SlNAC2 transformed 
plants under drought stress, a low level of protection of PSII was seen in the overexpressing transgenic 
tobacco plants. This was concluded from the slightly slower decline in the Fv/Fm ratio under water deficit 
but this was not significantly different from the control plants (Figure 24). Similarly, when the SNAC1 
gene was overexpressed in rice, resulting in enhanced drought tolerance, the photosynthesis rate was 
also not significantly affected in the transgenic plants under water deficit conditions (Hu et al., 2006). It 
might be speculated that the higher concentration of chlorophyll in the transgenic plants are linked to 
the slightly higher maintenance of photosynthetic capacity in these plants. The study by Tsuyama et al. 
(2003) found that elevated levels of chlorophyll present in the leaf of a plant disrupted the linearity in the 
relationship between chlorophyll fluorescence and chlorophyll content. However, the chlorophyll content 
of the transgenic lines in this study was not at a level where it would have had this impact. Longer 
periods of photosynthetic activity means that plants can continue producing important metabolites that 
are required for growth. However, over time a reduction in chlorophyll fluorescence will lead to a 
reduction in the rate of photosynthesis, which results in the production of ROS as a byproduct of the 
reaction (Gururani et al., 2015).  
Stomatal closure is a direct adaptation that plants use to reduce the amount of water they lose to 
transpiration during drought stress (Li et al., 2017). It is one of the earlier morphological responses a 
plant has to drought stress and is regulated by ABA (Pirasteh-Anosheh et al., 2016). This adaptation 
however does have its down sides as it also prevents the exchange of beneficial gases such as CO2, 
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which the plants use to create carbohydrates (Ouyang et al., 2017). Stomatal closure in tobacco is one 
of its more rapid responses to drought stress in comparison to other plant species, with tobacco grown 
under hydroponic conditions closing their stomata within 20 minutes of removal from solution (Rabara 
et al., 2015). In the plant lines it was seen that there was a uniform closure of stoma, resulting in similar 
curves of reduction in both the control and transgenic lines with an average decline of ±50% at 21 days 
pw (Figure 24). Only transgenic line, T10 showed significantly higher stomatal conductance under mild 
water stress, day 7 to 14 pw. Overall, a decline in parameters actively involved in the photosynthetic 
machinery, of both the control and transgenic lines, but not significantly different, were seen due to 
drought stress. 
In addition to the delayed leaf senescence in the transgenic plants under severe drought stress, SlNAC2 
transgenic plants also recovered better when re-watered than the untransformed plants. The initial 
recovery (14 days after re-watering) seen in the plants were very similar, with no significant difference 
in terms of plant size, and general health. However, extending the recovery till maturation and seed 
production, all plants, untransformed and transformed, displayed stunted growth compared to non-
stressed plants, with the wild types plants being significantly shorter than the transgenic plants (Table 
4). This is a common phenotype in plants that have survived exposure to drought stress (Farooq et al., 
2009). Due to delayed leaf senescence in the transgenic plants during the water stress period, 
transgenic plants were likely quicker to commence their photosynthetic abilities during the recovery 
phase allowing better growth and flowering as seen in the mature recovered transgenic plants (Table 
4). However, since the photosynthetic activity was not measured during the recovery phase this is only 
speculation. Literature do however report that tobacco plants, recovering from water stress, rapidly 
increase their rate of photosynthesis in the young and middle leaves, which displayed a delay in 
senescence during the drought stress (Vankova et al., 2012). Also, as a drought tolerance strategy, 
plants will use non-senescence to survive drought stress (Borrell and Hammer, 2000). This strategy is 
more commonly exploited by plants that are unable to efficiently make use of their stem reserves. The 
adaptation allows them to have increased levels of photosynthetic activity which allows them to continue 
with photosynthesis and the production of metabolites, which could aid in recovery later should water 
become available again. Furthermore, while wild type plants were able to form flowers, seed pod 
production was suppressed. Inhibition of flower development, lack of fertilization and embryo 
development resulting in lack of grain filling and seed set are known consequences of drought stress in 
many plant species (Westgate, 1994). This did not occur in the transgenic plants, they did produce less 
flowers than their unstressed counter parts but they were all able to produce a seed pod for each flower 
that bloomed. This was similar to rice plants overexpressing the SNAC1 gene, which showed a higher 
seed setting than control plants after drought stress (Hu et al., 2006).  
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In addition, water stress significantly decreased the RWC in all plants included in the drought trial. A 
drop in RWC greater than or equal to 20% can be considered as a stressed condition (Hsiao, 1973). 
RWC serves as a general essential indicator to the plant’s management of its water stress state, which 
is correlated with the soil moisture content (Jones, 2006). Regardless of a 97% decline in soil moisture 
content (21 days pw), the SlNAC2 transgenic plants maintained an elevated RWC (lost 26% of RWC), 
which suggest an amendment of its osmotic potential mechanisms. In contrast the RWC of 
untransformed plants was significantly lower (lost 35% of RWC) than the transgenic plants 21 days pw 
(Figure 15b). This osmotic adjustment most likely resulted in a lower osmotic potential in the cells of the 
transgenic plants, which in turn maintained full turgor in the cells during water deficit. This phenomena 
has been illustrated in many genetically engineered plants overexpressing various genes resulting in 
drought tolerance as reviewed by Lawlor (2013).  
In this study, the upregulation of the P5CS gene, involved in proline synthesis would have played a role 
in osmotic adjustment in the transgenic plant’s cells. P5CS expression was upregulated in all transgenic 
plants from 7 to 21 days post watering (Figure 25b). Plants overexpressing SlNAC2 also had significantly 
higher levels of free proline than the untransformed plants under mild (7 days pw) and severe (21 days 
pw) drought conditions (Figure 20). Proline is an amino acid (AA) that can also function as an osmolyte, 
protecting water gradients and solute concentrations (Ashraf and Foolad, 2007; Vanková et al., 2012). 
It has been found to have elevated levels relative to other AA in plant cells during drought stress (Handa 
et al., 1986; Matysik et al., 2002). Excess proline has also been found to act as a source of nitrogen for 
tobacco recovering from drought stress (Vanková et al., 2012). Similar higher levels of proline was also 
found in transgenic woody Tamarix hispida plants overexpressing the ThNAC13 TF and Arabidopsis 
plants overexpressing the chickpea CarNAC4 TF, under salt and osmotic stress conditions (Wang et 
al., 2017; Yu et al., 2015). In addition, proline has a scavenging role to get rid of free radicals, stabilizing 
membranes/proteins, cell signaling and act as metal chelate (Hare and Cress, 1997; Hare et al., 1998; 
Hayat et al., 2012; Sairam and Tyagi, 2004).  
The expression of GAD3 were also severely upregulated in transgenic plants (day 7 pw) compared to 
untransformed control plants during the water stress period (Figure 25). GAD3 code for a glutamate 
decarboxylase (GAD) enzyme, which acts as the catalyst for the formation of γ-aminobutyric acid 
(GABA) from glutamate (Forde and Lea, 2007). The formation of GABA from glutamate by GAD has 
been implicated in many regulatory responses. GABA has been associated with signal induction, 
osmolyte regulation, drought tolerance, metabolism of nitrogen, pH regulation of the cytosol and 
modulating the flux of carbon within the tricarboxylic acid (TCA) cycle (Rhodes et al., 1986; Serraj et al., 
2002; Wheeler et al., 2005; Guo et al., 2009; Wang et al., 2017). GABA plays a protective role in drought 
stress by up regulating the systems involved with malate degradation and synthesis, which influences 
cytosolic pH. (Wheeler et al., 2005; Bouché and Fromm, 2004). Stomatal closure has been mentioned 
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previously as one of the earliest means for plants to reduce water loss and a drop in cytosolic pH of the 
guard cells have been observed before stomatal closure (Irving et al., 1992). Furthermore, it has been 
found that in tobacco GABA is an effective scavenger of superoxide (Liu et al., 2011). The formation of 
GABA from glutamate by GAD also supersedes the formation of proline from glutamate via P5CS under 
early drought stress conditions (Liu et al., 2011). The antioxidant activity of GABA would therefore 
contribute to less ROS damage which would in turn delay leaf senescence (Li et al., 2016). 
The protein dehydrin, encoded for by the gene of the same name, is part of the late embryogenesis 
abundant protein (LEA) family (Graether and Boddington, 2014). Plants express this gene as one of its 
first responses to dehydration stress, its expression is however not limited to drought (Janiak et al., 
2015). Dehydrin serve a similar protective role as proline, but is only present at the early onset of stress 
(Bao et al., 2017). Dehydrins are narrated to transform membrane composition alongside photosynthetic 
capacity in plants and a high content might therefore not be advantages under saturated water 
conditions. In this study, dehydrin expression did increase slightly compared to the untransformed plants 
as the drought trial progressed but no dramatic shift were detected. This might suggest that SlNAC2 
overexpression does not regulate dehydrin expression levels even though NAC and LEA proteins have 
been found to interact with each other (Tran et al., 2006).  
Transgenic plants furthermore showed lower levels of intracellular H2O2 when fully saturated (Day 0; 
Figure 16), two transgenic lines being significantly less (T4 and T10), when compared to the 
untransformed control plants. H2O2 is formed as a ROS and act as one of the main secondary signaling 
molecules but at the same time are a toxic product of oxidative stress in plants (Garg and Manchanda, 
2009; Khan et al., 2018). Plants maintain low levels of H2O2 under non-stress conditions, produced by 
the plant’s own metabolic processes (Khan et al., 2018). During water stress, the H2O2 levels quickly 
increased, with the control plants showing an average 34% increase (day 7 pw), and the transgenic 
plants, from a very low base, an average increase of 63% on day 7 pw. When severe water stress 
conditions were reached, 21 days pw, no significant difference in the produced H2O2 or superoxide 
levels were seen between the untransformed and transformed plants. However, overall H2O2 levels were 
much higher 21 days pw than at day 0 of the trial in all the plant lines (Figure 15). During osmotic stress 
different NAC TF seem to control ROS accumulation differently. Shen et al. (2017) found greater ROS 
accumulation in overexpressing rice lines (OsNAC2), while Wang et al. (2017) found that the 
overexpression of the ThNAC13 gene in Arabidopsis and Tamarix led to lower levels of ROS under 
abiotic stress.  
Enzymatic antioxidant levels did not increase to significantly higher levels under drought conditions in 
the SlNAC2 overexpressing plants compared to the untransformed plants (Figures 17 to 19). Initially 
SOD levels was significantly lower and CAT significantly higher in fully saturated transgenic plants (day 
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0) compared to control plants. From this low base SOD levels increase and CAT levels decreased 
quickly to levels similar to control plants at day 7 and 21 pw, respectively. Superoxides (O2-), which are 
the main targets of SOD, is produced by plant cells under both stressed and unstressed conditions and 
need to be constantly scavenge to maintain homeostasis in plants (Garg and Manchanda, 2009).  
CAT and SOD, SOD being the first line of defense that plants have against ROS, are regulated through 
different mechanisms. One of these mechanism are controlled by ABREs which in turn are influenced 
by ABA, which has a close relationship with osmotic stress response and the associated transcription 
factors (Alscher et al., 2002; Bowler et al., 1994). SOD is classified into three groups based on the metal 
co-factor used (Fe, Mn and Cu) and cellular localization of the enzyme. Not all of these isoenzymes 
respond to drought stress, which might lead to relative unchanged total levels of SOD activity in the 
plant as seen in this study (Alscher et al., 2002; Bowler et al., 1994; reviewed Saibi and Brini, 2018). It 
is not unusual to see increase SOD levels in plants due to drought stress, for example in olive and rice, 
as recorded by Sharma and Dubey, (2005) and Doupis et al. (2013). However, decrease in SOD levels 
have also been seen in plants exposed to water stress, such as in the drought tolerant and susceptible 
tomato lines, as reported by Unyayar and colleagues, which form part of the Solanaceae family that also 
include tobacco plants (Unyayar et al., 2005). SOD levels can also stay constant throughout water stress 
as observed in several studies over the period of stress (Cavalcanti et al., 2004). The complexity of the 
ROS detoxification procedure, as well as the different response mechanisms of SOD isoenzymes might 
be major factors contributing towards the varied ability of SOD to counter abiotic stress (Kwon et al., 
2002).  
Glutathione (GSH) is a multipurpose molecule that can perform several different protective roles within 
the plant (Noctor and Foyer, 1998; Shao et al., 2008; Nahar et al., 2015). It is part of a crucial antioxidant 
defense system for the effective scavenging of ROS and help sustain redox homeostasis in plants under 
stress conditions (Labudda and Safiul Azam, 2014). It is for this reason that the reduced/oxidized 
glutathione ration (GSH/GSSG) has been used as an indicator of plant stress levels. In unstressed 
conditions GSH maintain a higher cellular ration to GSSG but under abiotic stress reacts with oxidants 
and are converted to GSSG, as also seen in this study (Figure 19). Several studies have found that 
increased levels of GSH have been associated with abiotic stress tolerance (Hasanuzzaman et al., 
2017). GSH is particularly useful since it can protect against oxidative damage without the activity of 
enzymes (Hasanuzzaman and Fujita, 2011; Hasanuzzaman et al., 2011, 2012; Luo et al., 2011). 
In this study, the GSH levels went up under mild stress (day 7 pw), but then decreased again when the 
plants was under severe drought stress (day 21 pw), with no significant differences between the 
untransformed and transformed plants (Figure 19). At the same time the GSSG content of the plant lines 
steadily increase from the start of stress (day 0), with all the transgenic SlNAC2 plants showing 
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significantly higher levels of GSSG under mild (7 days pw) and severe water stress conditions (21 days 
pw). This increase in GSSG shift the GSH/GSSG redox ratio to a more oxidized one. The plant lines 
were unable to adapt fast enough to the applied stress and this would therefore lead to the GSH content 
in the plant tissue being depleted faster than it can be replaced. In a study done on Malus domestica 
(apple tree), which was also done under mild and severe water stress conditions, the same increase in 
oxidation state was observed in the GSH/GSSG ration (Tausz, 2004). Note however, in the apple trees 
a sharp increase in the total glutathione level was seen midway through the stress period followed by a 
decrease. In the current research, only a slight increase (1.1 fold increase for the Wt, 1.2 for the 
transgenic lines) in GSH content followed by a decrease (1.58 fold decrease for the Wt, 1.3 fold 
decrease for the transgenic lines) was seen. This is similar to a study done on two wheat varieties where 
the total glutathione content increased, in both wheat varieties, over the course of the trial under water 
deficit conditions (Herbinger et al., 2002). In a recent study done in 2017, a NAC transcription factor 
(MfNACsa) in Medicago falcate was associated with decrease in the GSH/GSSG ratio through MfNACsa 
regulatory effect on glyoxalase which was contrary to what was seen in this study (Duan et al., 2017). 
To further investigate oxidative damage, we’ve looked at malondialdehyde (MDA) content in the 
untransformed and transgenic plants. MDA is an end product of lipid peroxidation and as such is a key 
indicator for oxidative damage, especially membrane injury, under stress conditions (Marnett, 1999). In 
plants, monitoring the change in MDA levels can be an effective tool to determine a given plant’s 
tolerance towards drought stress (Labudda, 2013). Lower levels of MDA content has been associated 
with drought tolerance in a variety of crop species such as tomato, maize and cotton (Sánchez-
Rodríguez et al., 2010; Bai et al., 2006; Zhang et al., 2014). Nevertheless, in this study there was no 
significant difference in the MDA content between the control and overexpressing SlNAC2 plant lines 
for the duration of the water stress period. There was however a noticeable increase in lipid peroxidation 
in all the plants from day 0 to day 21 pw (Figure 21). Therefore, overexpression of SlNAC2 seemed to 
have little positive effect on systems that regulate lipid peroxidation in tobacco. Information on the effect 
of NAC TF and lipid peroxidation is limited, especially in relation to drought stress, and still needs to be 
investigated further. In one study, Yu and collogues saw an increase in MDA levels in transgenic 
Arabidopsis plants overexpressing the chickpea CarNAC4 TF, under salt stress but no data is available 
for drought stress (Yu et al., 2015). When Arabidopsis plants was transformed with ThNAC13, 
overexpression of the TF protected the transgenic plants against osmotic stress induced by mannitol 
(Wang et al., 2017). This physiological adjustment, exposure to mannitol, do not necessarily represent 
real environmental water deficit conditions. 
Overall, this study indicated that tobacco plants have naturally already relative high levels of drought 
tolerance. When overexpressing SlNAC2, this natural tolerance to withstand water stress were further 
enhanced by delaying leaf senescence, maintaining RWC and increasing proline content. SlNAC2 
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overexpression also facilitated better recovery from water stress in the transgenic tobacco plants. It is 
also clear that there are regulatory systems in play that act independently of SlNAC2 control. SlNAC2 
seems to have a varied impact on the enzymes and systems that manage ROS scavenging and 
antioxidant activities. Further study is needed to better understand the role that SlNAC2 plays in drought 
tolerance in plant species. 
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Chapter 3: Conclusions and future prospects 
Food security and sustainable farming is probably one of the biggest concerns for human survival and 
prosperity in the coming years. As global temperatures increase and droughts become more prevalent, 
leading to a looming water crisis, agricultural productivity are threated worldwide (Deryng et al., 2014; 
Zhang et al., 2014). Productivity will have to be increased through improved farming practices, making 
better use of available water resources, as well as the development of new crop varieties that can better 
utilize available resources and withstand harsh environmental conditions. Developing new plant 
varieties however is time consuming and some traits are not available through regular breeding 
techniques (Manshardt, 2004). Genetic engineering has the potential to bridge this gap in conventional 
plant breeding, allowing for the development of desired traits without the trial and error that follows 
conventional breeding methods.  
Adding specific genes to a plant for the induction of certain traits has been found to be an efficient way 
to create new genetically modified varieties (National Research Council, 2004). However, some traits, 
such as drought tolerance, are regulated through a complex cascade of genes and regulatory 
mechanisms, therefore introducing a single gene in an attempt to enhance drought tolerance is unlikely 
to be very successful. With drought being a complex problem for plants a single transgene is not the 
solution. 
A streamlined approach, used by scientist and plant breeders over the last few years, has been to target 
the regulatory systems that control a plant’s responses to various stresses. In doing so, altering or 
introducing a single gene involve in regulation can have multiple physiological and biochemical effects 
leading to advanced metabolic responses. During drought stress, plants perceive and guide the stress 
signals through signaling components that activates a large number of stress-related genes resulting in 
different functional proteins. The expression of these functional proteins are mainly controlled by specific 
transcription factors.  
Transcription factors are molecular regulators of gene expression. They regulate where and when genes 
are expressed in plants by binding to the cis-elements within promoter areas of various genes (Udvardi 
et al., 2007). TF are grouped according to their DNA binding domain motif structures and the type of 
genes they regulate. One such gene group is the NAC TF family. The NAC acronym refer to the “no 
apical meristem” and the ATAF1/2 and “cup-shaped cotelydon” genes. Several review papers on the 
role of NAC TF in plants have found them to be intrinsically linked with abiotic stress resistance (Puranik 
et al., 2012; Nuruzzaman et al., 2013; Shao et al., 2015). Furthermore, studies also found that when 
various NAC TFs are overexpressed in transgenic plants, under the control of an inducible or constitutive 
promoter, there were a positive change in a plants ability to withstand drought stress.  
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In this study, a putative NAC TF isolated from tomato, namely SlNAC2, was successfully transformed, 
using Agrobacterium-mediated transformation, into N. tabacum under the control of a constitutive 
promoter. The initial generation (T0) of putative transgenic tobacco plants, 10 lines in total, were 
generated in vitro and selected by antibiotic resistance, they were grown in the glasshouse to maturity 
and T1 seeds collected. Of the 10 putative SlNAC2 transgenic lines, a number of lines were confirmed 
to contain and express the transgene and three lines, considered adequate to measure biological 
variation, were used for all further analysis. All transgenic lines tested for transgene expression, 
expressed the transgene at relative similar levels. To this end objectives one and two of the study were 
met and completed. 
Transgenic plants were assessed in terms of phenotype comparing them to the wild type plants under 
non-stress conditions in order to determine whether potential differences in plant structure might affect 
performance of the transgenic plants under stress conditions. This was done according to objective four 
listed for this study. Under normal environmental conditions the transgenic plants and wild type 
untransformed plants displayed similar phenotypes. They all grew to the same relative height and 
flowered at the same time. The plants also exhibited similar levels of stomatal conductance and 
chlorophyll fluorescence. Chlorophyll content and RWC was also similar. Therefore, the overexpression 
of SlNAC2 appeared to have no adverse effect on the transgenic plants when grown in non-stressful 
environmental conditions.  
SlNAC2 overexpression did have an impact on the transgenic plants when they were exposed to 
dehydration stress. For this, a drought stress trial to assess the physiological and biochemical 
performance, as per objective three of this study, were performed with transgenic and control plants. 
For the drought stress trial all plants were planted in suitable large containers to avoid restrictions to 
root growth and water uptake that might influence above ground growth and photosynthetic activity, as 
prescribed by Blum (2014). The water stress period was furthermore extended over three weeks to allow 
for slow dehydration. It is well known that the timing, duration and severity of drought stress can 
influence gene responses in the plants (Blum, 2014). In this study, the water stress period was prolonged 
over 21 days to avoid a stress-dose effect that can result in extreme and rapid response for survival 
instead of maintenance of plant production. At day 21 pw, the plants on average lost 26.6% and 35% of 
their RWC, in the transgenic and control plants, respectively. In tobacco a drop in RWC of 15-20% is 
considered mild and >20% is severe drought stress (Rabara et al., 2015). The rate of photosynthesis 
decreases as the RWC of leaves decreases, terminating when the RWC has dropped by 45-50% 
(Lawlor, 2002). Extending the stress period to 28 days pw showed that the overexpression of the 
SlNAC2 transgene allowed for longer survival in the transgenic plants when compared to the wild type 
control plants. However, at this end point of the stress period limited tissue were available for 
biochemical analysis and therefor all physiological analysis was conducted on tissue collected prior and 
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up to 21 days pw. The transgenic plants retained a healthier looking phenotype as the drought trial 
progressed with less leaf senescence and chlorophyll bleaching occurring in the transgenic plants. The 
transgenic plants also exhibited higher levels of leaf formation at the apical meristem.  
Furthermore, SlNAC2 overexpression did improve the recovery of the water stressed transgenic plants 
significantly. When compared to the wild type plants, during the early recovery phase, little visual 
differences were observed between the plant lines. However, when the plants reached the flowering 
stage there was notable differences. The transgenic plants were on average taller than the wild type 
control plants and they exhibited higher levels of flower and subsequent seed pod formation.  
The most obvious detected physiological impact caused by SlNAC2 overexpression during the water 
deficit conditions was the elevated levels of proline, not seen in the untransformed plants. This went 
hand in hand with the increase in P5CS expression in the transgenic plants under water stress. Proline, 
a compatible organic solute, biosynthesized from glutamic acid in chloroplasts during water stress, is 
seen as an important osmolyte in water-stressed plants. It plays a role in cellular osmotic adjustment, 
detoxification of ROS and protection of membrane integrity in plants when dehydrated (Ashraf and 
Foolad, 2005).  
As expected, in the SlNAC2 overexpressing and control plants, ROS levels increase dramatically during 
dehydration. This however did not result in a significant buildup of scavenging antioxidant enzyme 
activity, which was unexpected. When plants are dehydrated one of the first responses will be for the 
plant to close their stomata to prevent continuous water loss through transpiration, as seen in this study 
in all the plants. This in turn will decrease gas exchange, leading to a decrease in photosynthesis and 
anabolic reactions via the photosynthetic machinery of the plant. Consequently, ROS production will 
increase, as was seen in both the transgenic and untransformed plants in this study. The exception was 
one transgenic line, T10, which maintained higher stomatal conductance for a longer period during 
dehydration. In this transgenic line, ROS activity remained lower throughout the drought trial.  
It is unlikely that the increased levels of free proline is the only protective measure employed by the 
transgenic plants overexpressing SlNAC2, which can explain the enhanced drought tolerant and 
recovery phenotypes that were observed. Since antioxidant levels seem not to be increased significantly 
in the transgenic plants, other avenues might be used by the transgenic plants to improve drought 
tolerance and rehydration recovery. However, not all enzymatic antioxidants that could potentially 
scavenge ROS have been measured in this study. It is an option to also measure antioxidants, such as 
ascorbate peroxidase (APX) that might give us a complete picture of the glutathione-ascorbate cycle. In 
addition, abscisic acid (ABA) adjustment would also be worthwhile to investigate further in the transgenic 
plants.  
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It is well known that drought stress cause ABA accumulation. ABA is a phytohormone responsible for 
among other things, stomatal aperture regulation and stress responses in plants (Bohmer and 
Schroeder, 2011). ABA has been linked to NAC TFs by a number of studies (Mao et al., 2015; Shen et 
al., 2017; Saad et al., 2013). In the future, the levels of ABA will be measured in the plant samples that 
were collected from the SlNAC2 transgenic and untransformed plants during the water stress period. In 
addition, it is also possible to monitor the expression levels of ABA signaling such as, type 2C protein 
phosphatases (PP2C3) and RCAR (regulatory components of ABA receptor) gene regulation (Joshi-
Saha et al., 2011). 
Drought trials are difficult to do without bias (Blum, 2014). Pot trials are limited by restricting root growth 
and having uneven drying out from the top layer to the bottom layer. Greenhouse space also becomes 
a problem when working with pots, this ultimately limits the amount of lines and plants of each line that 
can be tested. In the future, a larger scale study conducted under field conditions might enhance or 
even contradict the current findings of this study. However, for this we will need to apply and obtain the 
required GM field trial licenses, which will be time consuming and expensive to acquire. Additionally, 
other variables and controls could be added to future studies. This includes plant lines that are 
expressing the transgene at different levels, for which the Agrobacterium transformation of tobacco leaf 
disks will have to be repeated, as well as plants that contain the transgene but are not actively 
expressing it. 
Finally, a comprehensive review of downstream gene expression profiles under NAC TF control in plant 
species exposed to abiotic stress should be performed. So far, a number of studies have been 
conducted that analyzed the transcription profiles of some genes under the regulation of NAC TFs. 
Through compiling a comprehensive list of up and downregulated genes when different NAC TFs are 
overexpressed or silenced in different plant species, we might be able to uncover further potential 
avenues that may explain, or that can be further investigated, to support the detected enhanced drought 
tolerance in the SlNAC2 tobacco plants.  
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Supplementary Data 
 
 
Figure S1: Amino acid allignment, displaying the N-terminal region, of functionally annotated drought associated 
NAC TFs from different plant species. Allignments were created in ClustalW using the default settings provided. 
The full length protein sequence allignment was used in the construction of a phylogenetic tree (Figure 7).  
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Table S1: Functionally annotated NAC TFs, identified in different plant species, that has been linked 
specifically with drought tolerance. 
Plant Species Gene Name Genbank Acc. # Reference 
Arabidopsis thaliana ATAF1 OAP14514.1 Wu et al., 2009 
Arabidopsis thaliana ANAC019 EFH70668.1 Tran et al., 2004; Jensen et al., 2010 
Arabidopsis thaliana ANAC055 Np_188169.1 Tran et al., 2004 
Arabidopsis thaliana ANAC072 Q93VY3.1 Tran et al., 2004 
Arabidopsis thaliana RD26 OAO97067.1 Fujita et al., 2004 
Glycine max GmNAC11  ACC66315.1 Hao et al., 2011 
Oryza sativa  SNAC1 AIQ84858.1 Hu et al., 2006 
Oryza sativa OsNAC4 BAA89798.1 Zheng et al., 2009 
Oryza sativa OsNAC5 Q53NF7.1 Sperotto et al., 2009 
Oryza sativa OsNAC6 Q7F2L3.1 Nakashima et al., 2007; Sindhu et al., 
2008 
Oryza sativa  ONAC10 BAG91345.1 Jeong et al., 2010 
Oryza sativa  OsNAC45 Q2RB33.1 Song et al., 2011 
Triticum aestivum TaNAC2 AEH68227.1 Mao et al., 2012 
Triticum aestivum TaNAC2a ADE34586.1 Tang et al., 2012 
Triticum aestivum TaNAC69 AAY44097.1 Xue et al., 2011 
Chrysanthemum 
morifolium 
DgNAC1 ADQ20114.1 Liu et al., 2011 
Eleusine coracana EcNAC1 ACC77653.1 Ramegowda et al., 2012 
Zea mays ZmSNAC1 NP_001123932.1 Lu et al., 2012 
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Figure S2: Amino acid allignment of complete protein sequences of SlNAC2 orhtolog proteins identified through 
BLASTN with E-values equal to 0 and displaying more than 60% sequence identity. Allingments were created in 
ClustalW using the default settings provided. The full length protein sequence allignment was used in the 
construction of a phylogenetic tree (Figure 8).  
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Figure S3. qPCR primer confimation using GoTaq DNA polymerase in a standard PCR. PCR amplicons were 
separated through electrophoresis using a 2% (w/v) agarose gel. The required single amplicons, ± 100 bp, are 
visible and indicated by the arrow. 
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Figure S4. Melting curves of all the target and reference genes studied within the SlNAC2 overexpressing 
transgenic and control tobacco plants. Melting curves were generated from the PowerUp SYBR Green detection 
system. Temperature range is shown on the x-axis and the fluoresence measurements on the y-axis. Primer sets 
were designed for the amplification of part of the following genes a) ubiquitin; b) dehydrin; c) GAD3; d) Wt SlNAC2, 
e) T4 SlNAC2, f) T5 SlNAC2 and g) T10 SlNAC2  
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Figure S5. Standard curve of the superoxide dismutase activity done according to the SOD Determination WST-
assay kit (Sigma-Aldrich) protocol. SOD concentrations included a range of 0.05 to 0.0 units per ml. 
 
Figure S6. Standard curve of catalase activity done according to absorbance of the red quinoneimine dye at OD520 
as described in the Catalase Activity Kit (Sigma-Aldrich). H2O2 concentrations included a range of 0 to 7.5 µM. 
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Figure S7. Standard curve of glutathione activity as describe by the method of Sahoo et al. (2017). GSH 
concentrations included a range between 0.4 and 15.6 µM.  
 
Figure S8. Standard curve of proline activity used to validate proline content in plant tissue from the different plant 
lines. Proline concentrations range between 0.1 and 1 mM (Bates et al. 1983; Carillo and Gibon, 2016). 
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Figure S9. Standard curve of H2O2 activity as described by the method Junglee et al. (2014). H2O2 concentrations 
ranged between 6.8mM and 0mM. 
 
Figure S10. cDNA sequence of SlNAC2 and protein translation. 
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